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ABSTRACT 
ROLE OF SULFATE-REDUCING BACTERIA IN THE  
ATTENUATION OF ACID MINE DRAINAGE THROUGH  
SULFATE AND IRON REDUCTION  
SEPTEMBER 2010 
CARYL ANN BECERRA, A.B.A., OCCIDENTAL COLLEGE 
M.S., CALIFORNIA STATE UNIVERSITY, LOS ANGELES 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Klaus Nüsslein 
 
Acid mine drainage (AMD) is an acidic, iron-rich leachate that causes the 
dissolution of metals.  It constitutes a worldwide problem of environmental 
contamination detrimental to aquatic life and water quality.  AMD, however, is naturally 
attenuated at Davis Mine in Rowe, Massachusetts.   We hypothesize that sulfate-reducing 
bacteria (SRB) are attenuating AMD.  To elucidate the mechanisms by which SRB 
attenuate AMD, three research projects were conducted using a suite of molecular and 
geochemical techniques. 
First we established biological influence on the attenuation of AMD by 
comparing the microbial community and geochemical trends of microcosms of two 
contrasting areas within the site: AMD attenuating (AZ) and AMD generating (GZ) 
zones.  The differences in geochemical trends between these zones were related to 
differences in microbial community membership.  SRB were only detected in 
microcosms of the AZ, while iron oxidizers were only detected in the GZ.  This study 
  viii 
indicates that biological activity contributes to the attenuation of AMD and that SRB may 
have a role.   
To further describe the role of SRB, we determined the rates of sulfate reduction, 
the abundance, and membership of SRB in the second project.  The sulfate reduction rate 
was weakly correlated with the abundance of SRB.  This indicates that the SRB 
population may be utilizing another electron acceptor.  
One such electron acceptor would be iron, which was investigated in the third 
project.  When SRB are inhibited, neither accumulation of reduced iron nor the formation 
of reduced iron sulfide precipitates occurred.  Higher concentration of sulfide produced 
an increase in reduced iron and pH.  Therefore, iron reduction mediated by reaction with 
biogenic sulfide contributes to the attenuation of AMD.  This is the first report of the 
biological enhancement of iron reduction by acidotolerant SRB.   
The interdisciplinary research described in this dissertation provides evidence that 
SRB attenuate AMD through sulfate and iron reduction and a greater understanding of 
SRB in acidic environments.  It also demonstrates how the biogeochemical cycling of 
sulfur is coupled to the iron cycle.  Overall, the ubiquity and metabolic versatility of SRB 
offers boundless potential and exciting opportunities of study in the fields of 
bioremediation, geomicrobiology, and microbial ecology.   
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CHAPTER I 
INTRODUCTION 
 
Biogeochemistry of Acid Mine Drainage Generation 
 Acid mine drainage (AMD) is an acidic, metal-rich leachate that poses an 
environmental threat worldwide (Neculita et al., 2007). AMD is produced by the 
geochemical and biological oxidation of ore-associated sulfide minerals. When sulfur-
rich minerals such as the commonly mined pyrite (FeS2), are exposed to oxygen and 
water, sulfuric acid and ferrous ions are generated as described by Eq. 1 (Gray, 1997).  In 
the presence of microorganisms such as the acidophilic chemolithotroph, 
Acidithiobacillus ferrooxidans, the generation of acid mine drainage is accelerated by six 
orders of magnitude (Benner et al., 2000).  Ferrous ions are oxidized by the 
microorganisms to ferric ions as described by Eq. 2, initiating a self-perpetuating cycle of 
iron and sulfur oxidation.  The biologically produced ferric ions (Eq. 2) react with pyrite 
to form more ferrous ions and sulfate (Eq. 3) and the cycle is reinitiated (Neculita et al., 
2007).   
 
Eq. 1:  Geochemical Mechanism: Pyrite is oxidized. 
FeS2 +  7/2O2 + 3H2O  →   Fe
2+  + 2SO4
2- + 2H+ 
 
Eq. 2: Biological Mechanism: Iron is microbiologically oxidized (ex. Acidithiobacillus 
ferrooxidans). 
 Fe
2+ + 1/4O2  + H
+   →   Fe
3+ +  1/2H2O 
 
Eq. 3: Geochemical Mechanism: More pyrite is oxidized.  
FeS2 + 14Fe
3+ + 8H2O → 15Fe
2+ + 2SO4
2-
 + 16H
+ 
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The progressively increasing water acidity caused by the oxidation of pyrite allows 
further dissolution of other metal-bearing minerals.  Therefore, AMD is typically 
characterized as having high acidity, and high concentration of sulfate and dissolved 
metals such as iron, aluminum, manganese, and arsenic (Gray, 1997; Johnson and 
Hallberg, 2005). 
 The resulting acidic water dissolves the metals in the ore deposits causing 
elevated concentrations of metal contaminants (Blodau, 2006).  The AMD then seeps into 
the groundwater and waterways, lowering the water quality and destroying aquatic life.  
In 1998, approximately 19,300 km of waterways and 72,000 ha of lakes and reservoirs 
were severely affected by AMD (Johnson and Hallberg, 2005).  Numerous negative 
direct and indirect environmental effects that reduce ecological stability occur with AMD 
contamination as seen in Table 1.1 (Gray, 1997).   
 
Remediation of Acid Mine Drainage 
 There are two categories for AMD remediation technologies, which are chemical-
based versus biological based treatment systems.  Biological-based treatment systems 
typically involve sulfate-reducing bacteria (SRB).  For example, chemical based passive 
treatment systems include anoxic limestone drains, open limestone channels, and 
permeable reactive barriers, while biological based passive treatment systems include 
constructed wetlands, bioreactors, and certain permeable reactive barriers.  Permeable 
reactive barriers can be placed under the category of chemical or biological based 
treatment systems (Neculita et al., 2007). 
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 The traditional chemical based treatment has been to neutralize the AMD with the 
addition of an alkaline material such as limestone.  After the addition of an alkaline 
material, the water pH increases and dissolved metals are precipitated as hydroxides and 
carbonates resulting in an iron-rich sludge.  However, this treatment only works if the 
water remains anoxic (Johnson, 2005; Neculita et al., 2007).  Underwater storage is 
another method where as long as the pyrite is undisturbed and under anoxic conditions, it 
will remain in its reduced state (Gray, 1997). Capping with organic matter like wood 
waste or with large amounts of salt applies the same concept as the underwater storage 
where the pyritic tailings are isolated from oxygen and water, respectively (Gould & 
Kapoor, 2003). Other types of chemical based treatment are more expensive and 
therefore not commonly used such as ion exchange, reverse osmosis, electrodialysis, and 
electrolytic recovery (Johnson, 2005). 
 Biological based treatment systems typically include constructed wetlands and 
bioreactors that utilize microorganisms.  For example, a permeable reactive barrier that 
induces sulfate reduction and metal sulfide precipitation was created in the mine tailings 
impoundment of Nickel Rim Mine in Ontario, Canada to remediate contaminated 
groundwater.  SRB were present in high numbers where the concentration of organic 
carbon was also high within the barrier (Benner et al., 2000).  Bioreactors can be buffered 
so when they are fed acidic leachate, thus the microorganisms within the bioreactors 
remain active.  When fed with a range of organic substrates such as ethanol and methanol 
microbial communities in bioreactors can reduce sulfate from waters as low as pH 2.5 
prior to buffering (Tsukamoto et al., 2004; Koschorreck et al., 2010).  Similarly, 
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fluidized-bed reactors could also hold a diverse sulfate-reducing consortia utilizing 
lactate or ethanol (Kaksonen et al., 2004). 
 These systems utilize SRB and iron reducing bacteria (FeRB).  SRB are used in 
biologic based treatments because they produce proton-consuming ions such as HCO3- 
and HS-, which leads to alkalinity and metal precipitation.  SRB have been promising for 
the treatment of AMD  (Hulshoff Pol et al., 2001), while acidophilic FeRB are still in the 
phase of discovery and hold great potential for remediation of AMD (Johnson & 
McGiness, 1991; Küsel et al., 1999).  In engineered systems, once iron oxidizers are 
inhibited, FeRB can reverse the generation of AMD by reducing the ferric ions, thus 
preventing further oxidation of pyrite by ferric ions (Johnson, 1995). 
 In addition to bioreactors and wetlands, one preventative solution would be to 
inhibit iron oxidizing microorganisms since the rate of pyrite oxidation is much higher  in 
the presence of excess ferric ions than with oxygen.  Prevention with biocides and 
inhibitors of iron oxidizing microorganisms has been investigated; however, its 
application is limited by the lifetime of these inhibitors to remain active in the field 
(Gould & Kapoor, 2003). 
 
Sulfate and Iron Reduction by Sulfate-reducing Bacteria 
 Sulfate and iron reduction are two biological processes that lead to the 
remediation of AMD.  Many SRB are capable of both of these processes.  Sulfate 
reduction, as seen in Eq. 4, is a proton-consuming reaction, which may lead to a 
permanent decrease in the concentration of sulfate if hydrogen sulfide, a volatile gas is 
formed (Senko et al., 2009).  The final product of sulfate reduction, sulfide may also 
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precipitate with other dissolved metals (Eq. 5) depending on the concentration of 
dissolved metal ions as well as increasing pH in the order of Cu > Zn > Pb > Cd > Fe > 
Ni (Hao et al., 1996).  The precipitation of metals is part of the remediation of AMD 
(Johnson & Hallberg, 2005).    Enzymatic iron reduction (Eq. 6) as well as sulfide-
mediated iron reduction (Eq. 7) are also proton-consuming processes (Senko et al., 2009).   
 
Eq. 4:  Sulfate reduction. 
4H2 +  SO42- + 2H
+  →  H2S + 4H2O 
 
Eq. 5: Metal precipitation. 
 S2-(aq) + M2+(aq) → MS(s) 
 
Eq. 6:  Enzymatic iron reduction. 
H2 +  2Fe(OH)3 + 4H
+  →  2Fe2+ + 6H2O 
 
Eq. 7:  Sulfide-mediated iron reduction. 
S2- +  2Fe(OH)3 + 6H
+  →  2Fe2+ +  S0 + 6H2O 
 
The role of sulfate and iron reduction in the attenuation of AMD by SRB at Davis Mine 
was investigated for this study.  Sulfate is abundant in AMD and so are ferric ions 
because iron is more soluble at low pH, making ferric ions a readily available electron 
acceptor (Baker & Banfield, 2003).  Under acidic and carbon limited conditions typical 
of AMD sites, the energy yield of sulfate and iron reduction is similar (Koschorreck, 
2008).  
 
Sulfate-reducing Bacteria in Low pH Environments 
 Sulfate-reducing bacteria (SRB) are ubiquitous, anaerobic microorganisms that 
are essential to the cycling of one of the most abundant elements on Earth, sulfur.  They 
are widespread in anoxic environments using sulfate as their terminal electron acceptor 
 6 
and a variety of substrates as carbon and/or electron donors.  These substrates range from 
short-chain fatty acids such as acetate, to long-chain fatty acids and aromatic compounds 
like benzoate and phenol, alkanes, and hydrogen (Muyzer and Stams, 2008).  As a group, 
SRB are versatile; however, more studies are needed to understand SRB in low pH 
environments.  Environments of low pH are acidic soils, wetlands, lakes, and bioreactors 
(Koschorreck, 2008).  Generally, acidophilic microbes do not tolerate high concentrations 
of organic carbon (Fortin et al., 1996; Johnson, 1998).  Gyure et al. found that SRB in 
acidic sediments were stimulated by organic acids at low concentrations (Gyure et al., 
1990).  Even more stimulation was achieved with nonionic compounds such as glycerol 
and methanol (Johnson, 1998). 
 There are several studies on detecting sulfate reduction and SRB in low pH 
environments (Gyure et al., 1990; Fortin et al., 2000; Küsel, et al., 2001; Praharaj & 
Fortin 2004; Schmalenberger, et al., 2007).  However, the isolation of acidophilic sulfate-
reducing bacteria has been difficult.  Often only a consortium or enrichment of SRB was 
achieved (Tuttle et al., 1969a; Johnson et al., 1993; Benner et al., 2000; Kimura et al., 
2006; Church et al., 2007).  Even when isolates were obtained, they were not acidophilic.  
Isolates from acidic sites related to Desulfovibrio, Desulfotomaculum, and 
Desulfosporosinus did not reduce sulfate below pH of 5.5 (Tuttle et al., 1969b; Küsel et 
al., 2001; Rampinelli et al., 2007; Lee et al., 2009).   Recently, an acidophilic sulfate-
reducing bacterium was isolated and shown to reduce sulfate actively at the lower pH of 
4.2 (Senko et al., 2009).   
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Low pH study site - Davis Mine, Rowe, MA 
   Located about 5 km north of the town of Charlemont in northwestern 
Massachusetts, Davis Mine was once the largest underground pyrite mine in the state.  
Containing relatively pure pyrite deposits of greater than 60% pyrite in the ore vein, 
Davis Mine was a lucrative mine for extracting sulfur needed to produce sulfuric acid.  
The mine was operational from 1882 until it collapsed in 1909 and later abandoned after 
reduced operations until 1911 (Gál, 2000; Brown et al., 2006). 
  After its collapse, the mine filled with groundwater, which resulted in the 
continuous formation of acid mine drainage (AMD) characterized by low pH and 
elevated levels of sulfate, iron, and other metals (Bloom et al., 2007; Adams et al., 2007). 
A single AMD effluent stream flows through the site and discharges into Davis Mine 
Brook where no invertebrates or fishes have been found along the 2-km downstream 
stretch of the brook.  The site is small with waste rock piles found distributed over 
approximately 3,000 m2.  The intensity and extent of attenuated zones and the reactions 
in down-gradient parts of the watershed can be ascertained using a handful of monitoring 
wells and surface water sampling sites (Figure 1.1).   
Every month for over a year, groundwater and surface water samples were 
collected to assess the trends in pH, oxidation-reduction potential, conductivity, and 
anion, cation, and organic carbon concentrations.  Based on this intensive sampling, the 
AMD generation seems to be confined to a low drainage area in contact with the waste 
rock and groundwater (Bloom, et al. 2007).  Areas with pH < 3 and high concentrations 
of Fe(III) and sulfate are designated as AMD generating zones while areas that exhibit 
higher pH between 4.5 to 6.0 and lower dissolved metal concentrations are designated as 
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AMD attenuating zones (Ergas, et al. 2006).  These areas are mostly contained in the area 
outside the exposed waste rock.  These defined and stable zones make Davis Mine an 
excellent model to study the biogeochemical processes that lead to the attenuation of 
AMD. 
Although AMD sites are characteristically low in dissolved organic carbon, there 
are potential sources of organic carbon at the Davis Mine.  A survey of the trees, shrubs, 
and herbaceous plants conducted in 2007 at Davis Mine revealed that all species found 
are commonly present in acidic conditions.  The dominant tree species at Davis Mine is 
Pinus strobus, commonly called pine trees and are known to prefer more acidic soils.  
Their root exudates may play a critical role on the microbial community, providing 
organic carbon to SRB (Grayston et al., 1997).  Similarly, SRB in the rhizosphere of a 
salt marsh increased in abundance during high periods of plant growth and root exudates 
production (Hines et al., 1999).   In addition, a plume of green algae mostly comprising 
of Klebsormidium is present upstream from an AMD attenuating zone and may be a 
source of organic carbon to SRB.  
Davis Mine is a model AMD site with comparable pH range and microbial 
community to other AMD study sites (Table 1.2).  With the exception of one study, the 
presence of delta-proteobacteria was detected at all representative AMD sites listed.   
Evidence for microbially-driven attenuation of AMD was observed during field 
exploration.  Sulfate-reducing bacteria (SRB) and Fe-reducing bacteria, two bacterial 
groups that are capable of acidity-consuming reactions, were found at monitoring wells 
along the periphery of the AMD effluent.  Low oxidation-reduction potential along with 
near-neutral pH and decreasing sulfate concentrations suggested that SRB may be active 
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and that sulfate reduction is feasible in the vicinity of the bedrock tailings along the 
bottom of the acidic drainage plume (Ergas et al. 2006).  In addition, groundwater 
sampled from some of the wells found in the AMD attenuating zones has black 
precipitates and a pronounced odor of H2S, which are evidences of sulfate reduction. 
 
Hypothesis and Research Objectives 
 The goal of my research project was to determine the significance of sulfate 
reducing bacteria to the reversal of the oxidative processes that produce acid mine 
drainage at Davis Mine in Rowe, Massachusetts. 
 I hypothesized that acidotolerant sulfate-reducing bacteria are responsible for the 
attenuation of acid mine drainage through the reduction of sulfate and iron (Figure 1.2). 
 To test this hypothesis, the following (published or submitted) research projects 
were conducted and are described in detail in the chapters of this dissertation.  Outlined 
below are goals and research objectives for each research project.  
 
 
Chapter II – Microcosm-Based Study of the Attenuation of Acid Mine Drainage-
Impacted Site through Biological Sulfate and Iron Reduction 
The goal of this research project was to establish that AMD attenuation is indeed 
biologically influenced. To investigate the biological influence on this AMD-impacted 
system, we attempted to stimulate the microbial community within microcosms of an 
AMD generating zone and an AMD attenuating zone with various organic substrates and 
incubation temperatures.  The objectives of this study were to (i) monitor changes in key 
geochemical parameters over time, (ii) identify differences in the microbial communities 
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through phylogenetic analysis, and (iii) quantify SRB via fluorescent in situ 
hybridization.  By addressing the objectives of this study, we confirmed that the 
biological processes are indeed contributing to the attenuation of AMD.  
 
Chapter III – Rate, Abundance, and Diversity of Sulfate-Reducing Bacteria at an Acid 
Mine Drainage Site 
Field observations and laboratory microcosms of our study site indicated active 
biological sulfate reduction (Ergas et al., 2005; Bloom et al., 2007; Becerra et al., 2009).  
However rates for sulfate reduction have not been determined or correlated with the 
abundance and species of SRB.  To support the hypothesis that acidotolerant sulfate-
reducing bacteria are contributing to the attenuation of AMD, we determined (i) the rate 
of sulfate reduction using radiolabeled sulfate, (ii) the abundance of SRB using 
quantitative-PCR, and (iii) the membership of SRB based on the comparative phylogeny 
of the 16S rRNA gene and the functional gene dsrAB.  By investigating the activity, 
abundance, and diversity of the indigenous SRB under acidic conditions, we can 
determine whether microbial sulfate reduction contributes to the attenuation of AMD at 
similar sites, and we can provide estimates of their likely importance to other global 
settings. 
 
 
Chapter IV – Attenuation of Acid Mine Drainage by Biogenic Sulfide-Mediated Iron 
Reduction 
 In this research project, we sought to test the hypothesis that SRB are involved in 
the reduction of iron under acidic conditions.  Therefore when SRB are stimulated, the 
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concentration of ferrous ions would increase, while conversely when SRB are inhibited, 
no production of ferrous ions would occur.  Furthermore, if the mechanism by which iron 
is reduced is through the sulfide produced by SRB, then the addition of sulfide would 
increase the concentration of ferrous ions under acidic conditions and produce an iron 
sulfide precipitate.  Lastly, the abundance of SRB would correlate with whether the SRB 
are being stimulated or inhibited.   
The objectives of this study were to relate the differences in the microbial 
community of unamended versus stimulated or inhibited microcosms to the generation of 
ferrous ions and an increase in pH.  In addition, by characterizing the iron sulfide 
precipitate we intended to confirm the production of ferrous ions.  By investigating the 
role of SRB in the reduction of iron, we describe another unexplored mechanism by 
which SRB attenuate AMD. 
 
Significance 
 The research described in this dissertation not only provides a greater 
understanding of microbial sulfate reduction at low pH, but also adds to our 
understanding of the biogeochemical cycling of sulfur in particular how the sulfur cycle 
is coupled to the iron cycle.  This dissertation describes the mechanisms by which SRB 
naturally attenuate AMD.  Our model can be used for developing remediation strategies 
not only for AMD sites, but other acidic, metal-contaminated, industrial waste streams.  
Please refer to Chapter 5 for further elaboration on the significance and broader impact of 
this research. 
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Interests in acidophilic and acidotolerant microorganisms extend beyond the 
foreseeable, engineering applications.  Our findings provide new information on the 
distribution, diversity, and physiology of SRB.  SRB are known to be important 
microorganisms to the turnover of carbon.  However, AMD sites are limited in organic 
carbon.  Under acidic conditions and with a large supply of ferric ions and sulfate, SRB 
may also be reducing iron.  This could have implications for the dissolution of iron-rich 
minerals.  This research establishes the foundation for studying the role of SRB in an 
acidic environment; however, more research is needed to fully understand the complex 
SRB-mineral interaction and interaction with other microorganisms.  
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TABLE 1.1: Major effects of AMD contamination reproduced from Gray, 1997. 
 
 
Chemical Physical Biological Ecological 
increased acidity 
substrate 
modification 
behavioral 
habitat 
modification 
reduction in pH 
increase in stream 
velocity 
respiratory niche loss 
destruction of 
bicarbonate buffering 
system 
turbidity reproduction 
bioaccumulation 
within food 
chain 
increase in soluble 
metal concentrations 
sedimentation osmoregulation 
loss of food 
source or prey 
increase in particulate 
metals 
adsorption of metals 
onto sediment 
acute and chronic 
toxity 
elimination of 
sensitive 
species 
 
reduction in 
turbulence due to 
sedimentation 
increasing laminar 
flow 
death of sensitive 
species 
reduction in 
primary 
productivity 
 
decrease in light 
penetration 
acid-base 
balance failure in 
organisms 
food chain 
modification 
  
migration or 
avoidance 
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TABLE 1.2:  Representative AMD sites as a comparison to Davis Mine with common 
microbial groups starred. 
 
 
 
 
 
 
Study Location Type of Deposit pH Microbial Groups 
Acidobacteria * 
Actinobacteria * 
Alpha-proteobacteria * 
Gamma-proteobacteria * 
Delta-proteobacteria * 
Clostridia 
Nitrospira * 
Planctomycetacia * 
Sphingobacteria 
Becerra 
et al., 
2009 
Davis 
Mine, 
Rowe, MA 
pyrite 2-5 
Verrucomicrobiae * 
Alpha-proteobacteria * 
Beta-proteobacteria 
Gamma-proteobacteria * 
He et al., 
2007 
Yunfu 
sulfide 
mine, 
China 
pyrite 2.5 
Nitrospira * 
Actinobacteria * 
Alpha-proteobacteria * 
Beta-proteobacteria 
Gamma-proteobacteria * 
Delta-proteobacteria * 
Chloroflexi 
Planctomycetacia * 
Stramenopiles 
Adams et 
al., 2007 
Mam Tor 
black pyritic 
shales 
3-3.5 
Viridiplantae 
Acidobacteria * 
Alpha-proteobacteria * 
Beta-proteobacteria 
Gamma-proteobacteria * 
Delta-proteobacteria * 
Firmicutes 
Tan et 
al., 2006 
Lechang, 
Guangdon, 
China 
Pb-Zn 
tailings 
2 
Leptospirillum 
Actinobacteria * 
Beta-proteobacteria 
Gamma-proteobacteria * 
Delta-proteobacteria * 
Bruneel 
et al., 
2005 
Carnoules, 
France 
Fe-As 
tailings 
2-5 
Firmicutes 
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FIGURE 1.1:  Detailed map of study site with the location of groundwater wells (Well) 
and surface water sampling sites (S).  Well 14, an AMD attenuating site and Well 15, an 
AMD generating site in red are discussed further in Chapter 2.  Rowe, Massachusetts 
(inset).  Figure is modified from Bloom et al., 2007. 
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FIGURE 1.2:  Model of the attenuation of AMD by SRB through a) reduction of sulfate, 
b) reduction of iron by sulfide produced by the SRB, and c) enzymatic reduction of iron.  
The byproduct of sulfate reduction, sulfide, may form the gaseous hydrogen sulfide or 
precipitate as a metal sulfide.  Both formations would lead to the attenuation of AMD by 
removing protons or dissolved metals from the water.
 17 
References 
 
Adams, L.K., Harrison, J.M., Lloyd, J.R., Langley, S., and Fortin, D. (2007) Activity and 
diversity of Fe(III)-reducing bacteria in a 3000-year-old acid mine drainage site analogue. 
Geomicrobiol J 24: 295-305. 
 
Baker, B.J. and Banfield, J.F. (2003) Microbial communities in acid mine drainage. 
FEMS Microbiol Ecol 44: 139-152.  
 
Becerra, C.A., López-Luna, E.L., Ergas, S.J., and Nüsslein, K. (2009) Microcosm-based 
study of the attenuation of an acid mine drainage-impacted site through biological sulfate 
and iron reduction. Geomicrobiol J 26: 9-20. 
 
Benner, S.G., Gould, W.D., and Blowes, D.W. (2000) Microbial populations associated 
with the generation and treatment of acid mine drainage. Chem Geol 169: 435-448. 
 
Blodau, C. (2006) A review of acidity generation and consumption in acidic coal mine 
lakes and their watersheds. Sci Tot Environ 369: 307-332. 
 
Bloom, J., Yuretich, R.F., and Gál, N.E. (2007) Environmental consequences of acid 
mine-drainage from Davis pyrite mine, Rowe, Massachusetts. NE Geol and Environ Sci 
29: 108-121. 
 
Blöthe, M., Akob, D.M., Kostka, J.E., Göschel, K., Drake, H.L., and Küsel, K. (2008) pH 
gradient-induced heterogeneity of Fe(III)-reducing microorganisms in coal mining-
associated lake sediments. Appl Environ Microb 74: 1019-1029. 
 
Brown, P.W. and Williams, N.N. (2006) The History of Rowe, Massachusetts. Rowe: 
Rowe Historical Society.  
 
Bruneel, O., Duran, R., Koffie, K., Casiot, C., Fourçans, A., Elbaz-Poulichet, F., et al. 
(2005) Microbial diversity in a pyrite-rich tailings impoundment (Carnoulès, France). 
Geomicrobiol J 22: 249-257. 
 
Church, C.D., Wilkin, R.T., Alpers, C.N., Rye, R.O., and McCleskey, R.B. (2007) 
Microbial sulfate reduction and metal attenuation in pH acid mine water. Geochem Trans 
8:10. 
 
Ergas, S.J., Harrison, J., Bloom, J., Forloney, K., Ahlfeld, D.P., Nüsslein, K., et al. 
(2005) Natural attenuation of acid mine drainage by acidophilic and acidotolerant Fe(III)- 
and sulfate-reducing bacteria. In C. Clark II and A. Lindner (eds.), remediation of 
hazardous waste in the subsurface: bridging flask and field studies. In. Washington DC.: 
American Chemical Society Symposium Series, No. 940. 
 
 18 
Fortin, D., Roy, M., Rioux, J-P., and Thibault, P-J. (2000) Occurrence of sulfate-reducing 
bacteria under a wide range of physico-chemical conditions in Au and Cu-Zn mine 
tailings. FEMS Microbiol Ecol 33: 197-208. 
 
Gál, N.E. (2000) The impact of acid-mine drainage on groundwater quality, Davis pyrite 
mine, Massachusetts (Ph.D. dissertation). Amherst: University of Massachusetts, 
Amherst.  
 
Gray, N.F. (1997) Environmental impact and remediation of acid mine drainage: a 
management problem. Environ Geol 30: 62-71.  
 
Gould, W., and Kapoor, A. (2003) The microbiology of acid mine drainage. In 
Environmental aspects of mine wastes. Jambor, J.L., Blowes, D.W., and Ritchie, A.I.M. 
(eds), pp. 203-226. 
 
Grayston, S.J., Vaughan, D., and Jones, D. Rhizosphere carbon flow in trees, in 
comparison with annual plants: the importance of root exudation and its impact on 
microbial activity and its impact on microbial activity and nutrient availability. Appl Soil 
Ecol 5: 29-56. 
 
Gyure, R.A., Konopka, A., Brooks, A., and Doemel, W. (1990) Microbial sulfate 
reduction in acidic (pH 3) strip-mine lakes. FEMS Microbiol Ecol 73: 193-201. 
 
Hao, O.J., Chen, J.M., Huan, L., and Buglass, R.L. (1996) Sulfate-reducing bacteria. Crit 
Rev Environ Sci Technol 26: 155-187. 
 
He, Z., et al. (2007) Molecular diversity of microbial community in acid mine drainages 
of Yunfu sulfide mine. Extremophiles 11: 305-314. 
 
Hines, M.E., Evans, R.S., Genther, B.R.S., Willis, S.G., Friedman, S., Rooney-Varga, 
J.N., and Devereux, R. (1999) Molecular phylogenetic and biogeochemical studies of 
sulfate-reducing bacteria in the rhizosphere of Spartina alterniflora. Appl Environ 
Microb 65: 2209-2216. 
 
Hulshoff Pol LW, Lens PNL, Weijima J & Stams AJM (2001) New developments in 
reactor and process technology for sulfate reduction. Water Sci Technol 44: 67-76. 
 
Johnson, D.B. and McGinness, S. (1991) Ferric iron reduction by acidophilic 
heterotrophic bacteria. Appl Environ Microb 57: 207-211. 
 
Johnson, D.B., Ghauri, M.A., and McGinness, S. (1993) Biogeochemical cycling of iron 
and sulphur in leaching environments. FEMS Microbiol Rev 11: 63-70. 
 
Johnson, D.B. (1995) Acidophilic microbial communities: candidates for bioremediation 
of acidic mine effluents. International Biodeterioration and Biodegradation. 95: 41-58. 
 
 19 
Johnson, D.B. (1998) Minireview: Biodiversity and ecology of acidophilic 
microorganisms. FEMS Microbiol Ecol 27: 307-317. 
 
Jonhson, D.B. and Hallberg, K.B. (2005) Acid mine drainage remediation options: a 
review. Sci Total Environ 338: 3-14. 
  
Kaksonen, A.H., Plumb, J.J., Fransmann, P.D., and Puhakka, J.A. (2004) Simple organic 
electron donors support diverse sulfate-reducing communities in fluidized-bed reactors 
treating acidic metal- and sulfate-containing wastewater. FEMS Microbiol Ecol 47: 279-
289. 
 
Koschorreck, M. (2008) Microbial sulphate reduction at a low pH. FEMS Microbiol Ecol 
64: 329-342. 
 
Koschorreck, M. Geller, W., Neu, T., Kleinsteuber, S., Kunze, T., Trosiener, A., and K. 
Wedt-Potthoff (2010) Structure and function of the microbial community in an in situ 
reactor to treat an acidic mine pit lake. FEMS Microb Ecol 73: 385-395.   
 
Küsel, K., Dorsch, T., Acker, G., and Stakebrandt, E. (1999) Microbial reduction of 
Fe(III) in acidic sediments: isolation of Acidphilium cryptum JF-5 capable of coupling the 
reduction of Fe(III) to the oxidation of glucose. Appl Environ Microb 65: 3633-3640. 
 
Küsel, K., Roth, U., Trinkwalter, T., and Peiffer, S. (2001) Effect of pH on the anaerobic 
microbial cycling of sulfur in mining-impacted freshwater lake sediments. Environ Exp 
Bot 46: 213-223. 
 
Lee, Y-J., Romanek, C.S., and Wiegel, J. (2009) Desulfosporosinus yougiae sp. nov., a 
spore-forming, sulfate-reducing bacterium isolated from a constructed wetland treating 
acid mine drainage. IJSEM 59: 2743-2746. 
 
Muyzer, G. and Stams, A.J.M. (2008) The ecology and biotechnology sulphate-reducing 
bacteria. Nature Rev Microbiol 6: 441-454. 
 
Neculita, C.M., Zagury, G.J., and Bussière, B. (2007) Passive treatment of acid mine 
drainage in bioreactors using sulfate-reducing bacteria: critical review and research 
needs. J Environ Qual 36: 1-16. 
 
Praharaj, T. and Fortin, D. (2004) Indicators of microbial sulfate reduction in acidic 
sulfide-rich mine tailings. Geomicrobiol J 21: 457-467. 
 
Rampinelli, L.R., Azevedo, R.D., Teixeira, M.C., Guerra-Sá, R., and Leào, V.A. (2008) 
A sulfate-reducing bacterium with unusual growing capacity in moderately acidic 
conditions. Biodegradation 19: 613-619. 
 
 20 
Schmalenberger, A., Drake, H.L., and Küsel, K. (2007) High unique diversity of sulfate-
reducing prokaryotes characterized in a depth gradient in an acidic fen. Environ 
Microbiol 9: 1317-1328. 
 
Senko, J.M., Zhang, G., McDonough, J.T., Bruns, M.A., and Burgos, W.D. (2009) Metal 
reduction at low pH by a Desulfosporosinus species: implications for biological treatment 
of acidic mine drainage.  Geomicrobiol J 26: 71-82. 
 
Tan, G-L., Shu, W-S., Hallberg, K.B., Li, F., and Lan, C-Y. (2006) Cultivation-
dependent and cultivation-independent characterization of the microbial community in 
acid mine drainage associated with acidic Pb/Zn mine tailings at Lechang, Guangdong, 
China. FEMS Microb Ecol 59: 118-126. 
 
Tsukamoto, T.K., Killion, H.A., and Miller, G.C. (2004) Column experiments for 
microbiological treatment of acid mine drainage: low-temperature, low-pH and matrix 
investigations. Water Res 38: 1405-1418. 
 
Tuttle J.H., Dugan P.R., MacMillan, C.B., and C.I. Randles (1969a) Microbial 
dissimilatory sulfur cycle in acid mine water. J Bacteriol 97: 594-602. 
 
Tuttle, J.H., Dugan, P.R., and C.I. Randles (1969b) Microbial sulfate reduction and its 
potential utility as an acid mine water pollution abatement procedure. Appl Microbiol 17: 
297-302. 
 
 
 
  21 
CHAPTER II 
MICROCOSM-BASED STUDY OF THE ATTENUATION OF ACID MINE 
DRAINAGE-IMPACTED SITE THROUGH  
BIOLOGICAL SULFATE AND IRON REDUCTION1 
 
 
Abstract 
Acid mine drainage is a widespread environmental problem and is characterized 
by elevated proton, sulfate, and dissolved iron concentrations. To understand the driving 
forces behind the attenuation of AMD, we compared microcosms using sediment and 
groundwater collected at Davis Mine, Massachusetts, a site where both generation and 
attenuation of AMD occur. A shift in key geochemical parameters over time was due to 
the natural microbial population, which was supported by detailed molecular biology 
results. The attenuation of AMD was stimulated through amendment with glycerol, with 
nitrogen and phosphorous, or with algae extract, but not by wood chips, suggesting the 
addition of different organic electron donors as a bioremediation strategy. 
 
                                                        1 Reproduced in part with permission from Becerra, C.A., López‐Luna, E.L., Ergas, S.J., and Nüsslein, K. (2009) Microcosm‐based study of the attenuation of an acid mine drainage‐impacted site through biological sulfate and iron reduction. 
Geomicrobiology Journal 26: 9‐20. 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Introduction 
Acid mine drainage (AMD) is an acidic, iron-rich leachate that is generated by 
both chemical and microbial oxidation of iron and sulfur minerals in flooded mines and 
mine tailings or waste-rock material. When sulfur-rich minerals are exposed to oxygen 
and water, sulfuric acid and ferric ion are generated (Johnson et al. 2005). Ferric ion, 
which can further be biologically produced by iron-oxidizing microorganisms, can react 
with iron-sulfide minerals to form more ferric ions and sulfate resulting in a self-
perpetuating cycle of iron and sulfur oxidation (Gould et al. 2003). Elevated 
concentrations of metal contaminants are produced as a result of mineral dissolution in 
acidic water. The AMD can then seep into ground and surface water, damaging the water 
quality and destroying aquatic life (Levings et al. 2004). AMD is a worldwide 
environmental problem that has been studied extensively (Bond et al. 2000; Bruneel et al. 
2006; Edwards et al. 2000; Gray 1997; Johnson et al. 1991; Johnson et al. 2005; Küsel et 
al. 2001; Londry et al. 2005; Schrenk et al. 1998a 1998b). 
Once the largest working pyrite mine, Davis Mine, was operational from 1882 
until it collapsed in 1909 and continued with reduced operations until it was abandoned in 
1911. The mine filled with groundwater, which resulted in the continuous formation of 
AMD (Brown et al. 2006). The site is small (approximately 3,000 m2) and discharges via 
a single effluent stream, therefore the intensity and extent of attenuated zones in down-
gradient parts of the watershed can be gauged using a manageable number of monitoring 
wells and sampling sites (Figure 2.1). Geochemical data indicate that the generation of 
AMD is confined to a low drainage area in contact with waste rock and groundwater 
(Bloom et al. 2007). Analysis of multilevel well samples revealed two contrasting 
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chemical characteristics of the groundwater that define the regions of AMD generation 
and AMD attenuation (Ergas et al. 2006). The AMD generating zone (GZ) is 
characterized by low pH (1.7–2.4) and high concentrations of Fe(III) and sulfate. In 
contrast, relatively high pH (4.5–6.0) and lower metal concentrations are present in the 
AMD attenuating zone (AZ), which is mostly confined to the area outside the exposed 
waste rock. Based on 25 years of geochemical observations, Davis Mine appears to be in 
a state of dynamic equilibrium, between AMD generation and AMD attenuation (Bloom 
et al. 2007). 
In general, the chemical characteristics of the water at Davis Mine change within 
a short distance along the drainage stream.  For example, the sulfate concentration 
decreases by over two orders of magnitude within less than 200 m downstream of the 
monitoring well that displays the highest concentrations of sulfate and dissolved metals 
(Gál 2000; Bloom et al. 2007).  Also, the presence of black precipitates and a pronounced 
odor of H2S observed in sampled ground water indicates that sulfate reduction is 
occurring (Fortin et al. 1997) and affecting the aquatic geochemistry at Davis Mine. 
Sulfate-reducing bacteria (SRB) and Fe(III)-reducing bacteria, two bacterial groups that 
are capable of acidity-consuming reactions, were found at monitoring wells along the 
periphery of the AMD effluent (Ergas et al. 2006). Low oxidation-reduction potential 
(ORP) along with near-neutral pH and decreasing sulfate concentrations suggest that 
SRB may be active and that sulfate reduction is feasible in the vicinity of the bedrock 
tailings along the bottom of the acidic drainage plume (Ergas et al. 2006). 
Processes such as dilution, precipitation-sedimentation, dispersion, adsorption-co-
precipitation, and neutralization are the main abiotic mechanisms of AMD attenuation. 
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For example, incoming water from non-AMD regions up-gradient from the site can dilute 
the acidic leachates, while carbonate-based minerals can neutralize it (Johnson et al. 
2005). In the case of our study site, no carbonate minerals were present although the 
presence of silicates may play some role in acid neutralization (Gál 2000; Bloom et al. 
2007). Certain biotic processes, such as Fe(III) and sulfate reduction, are pH-elevating 
anaerobic processes that have been found to attenuate AMD (Gould et al. 2003). Given 
the high concentrations of the electron acceptors such as sulfate and Fe(III) ions, these 
processes are expected to play a significant role in attenuating AMD at sites such as 
Davis Mine. Although it is known that anaerobic microorganisms can attenuate the 
formation and environmental effects of AMD, the biogeochemistry of these processes are 
relatively unexplored. 
In this study we investigated key biogeochemical reactions that support natural 
AMD attenuation using microcosms constructed from sedimentary material and water 
collected from specific sites within Davis Mine. The contribution of biological processes 
to the attenuation of AMD at Davis Mine was investigated by (i) monitoring the changes 
of key geochemical parameters over time and at different temperatures, (ii) conducting a 
phylogenetic analysis of the microbial communities, (iii) quantifying SRB-targeted cells 
using fluorescent in situ hybridization, and (iv) by stimulating the natural microbial 
community by amending the microcosms with various natural, readily available, and 
inexpensive carbon sources. 
 
  25 
Materials and Methods 
 
Sampling Sites and Collection 
Sediment and water samples were collected in March and July 2005 from three 
sites within Davis Mine. These sites are an AMD attenuating zone (AZ), an AMD 
generating zone (GZ), and a location in the streambed (S2). Samples from AZ and GZ 
were subsurface samples, while samples from the S2 were surface samples.  Groundwater 
was pumped from well 14 (W14) located within the AZ and from well 15 (W15), which 
is within the GZ. These observational wells were established in April 2004 and are 
approximately 25 m apart (Figure 2.1). Sediment samples were collected in the vicinity 
of W14 and W15. Intact sediment cores were extracted at the measured water table where 
oxygen levels are low and where SRB are likely to be found. Using a 5.1 cm diameter 
sediment corer driven with an attached slide hammer, sediment cores were collected at a 
depth of 0.52 m below the soil surface in the AZ and at 0.95 m in the GZ. 
W14 is located within the AZ, which is an area that contains mature pine trees and 
the presence of soil organic matter. The GZ, where W15 is located, contains more waste-
rock material and macrophyte growth is limited to young tree saplings. Stream water 
sampling site, S2 is located at the downstream end of a waste-rock pile, which divides the 
effluent streambed. A sediment core was extracted 8 cm below the surface of the 
streambed sediment at S2. All sediment cores were immediately placed in nitrogen-filled, 
gas-tight glass containers. 
The site-specific natural and readily available carbon sources, wood chips and 
algae were collected at Davis Mine to supplement the microcosms. The inner portion of 
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an algal mat was collected at site S2 and placed in a sterile glass container.  Wood chips 
were taken from pine tree saplings in the immediate vicinity of W15. All samples were 
kept on ice during transport to the laboratory, and were either immediately processed or 
stored at 4°C until the following day. 
 
DNA Isolation and Amplification of 16S rRNA Genes 
Using the UltraClean Soil DNA isolation kit (MO BIO Laboratories, Solana 
Beach, CA), DNA was extracted from a subsample of Davis Mine sediment used to 
inoculate the microcosms.  Reaction mixtures for PCR amplifications were prepared with 
1X Buffer, 0.25 mM each dNTP, 1 U/10 µl Taq polymerase (all from Promega, Madison, 
WI), 2.0 mM MgCl2 (Sigma, St. Louis, MO), 0.5 µM each of broad specificity 16S rRNA 
gene primers 8F and 1492R (Weisburg et al. 1991; Integrated DNA Technologies, 
Coralville, IA), and 40 ng DNA template in a final volume of 30 µl. Amplification of 16S 
rRNA genes were performed in a PTC-200 Peltier thermal cycler (MJ Research, 
Waltham, MA), and consisted of 30 cycles of 94°C for 30 seconds, 56°C for 30 seconds, 
and 72°C for 30 seconds with an initial denaturation step at 95°C for 3 minutes and a 
final extension at 72°C for 5 minutes. 
Three separate PCR reactions were performed for each sample.  After 
amplification, the three PCR products were pooled, purified (QIAquick PCR purification 
kit, Qiagen,Valencia, CA), and quantified using a digital imaging system (Labworks 
v4.0.0.8, UVP, Upland, CA). Purified fragments were cloned with the pGEM-T Easy 
vector and transformed into Escherichia coli JM109 (Stout et al. 2005). One hundred 
positive clones were chosen randomly and the 16S rRNA gene inserts were amplified 
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using the vector specific primers and protocol supplied by the manufacturer. Successful 
amplification was confirmed by agarose gel electrophoresis prior to sequencing. 
 
Sequencing and Phylogenetic Analysis 
Sequences of the 16S rRNA gene were amplified using the dideoxy nucleotide 
chain termination method and a BigDye Terminator v3.1 cycle sequencing kit and 
sequenced with a model 3730xl DNA analyzer (both Applied Biosystems, Inc., Foster 
City, CA). The sequences were edited manually using the program Chromas 
(Technelysium, Tewantin, Australia), and their phylogenetic membership was identified 
using the Ribosomal Database Project II, release 9.37 (Cole et al. 2003). Multiple 
sequence alignments were created using Clustal X v.183 Thompson et al. 1997) or the 
Clustal interface within the software package BioEdit v5.0.9 Hall 1999). 
Possible chimeras were detected using the program Mallard (Ashelford et al. 
2005). The software package DOTUR was used to cluster clones into operational 
taxonomic units (OTUs) based on ≥ 97% similarity (Schloss et al. 2005). Rarefaction 
analyses, richness estimations using SCHAO1 and SACE, and the diversity indexes Shannon-
Weaver (HSHANNON) and Simpson (HSIMPSON) index were also produced using DOTUR 
(Schloss et al. 2005).  A detailed phylogenetic analysis using MEGA v3.1 to cluster 
sequences based on the neighbor-joining method and bootstrap confidence values of 1000 
replicates were performed (Kumar et al. 2004). 
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Microcosm Preparation 
Sediment core samples were homogenized in an anaerobic glove box under 100% 
nitrogen and used to create a 1:1 ratio of sediment to groundwater or stream water slurry. 
The sediment slurry was used as the inoculum of the microcosms, which were filled with 
100 mL of anoxic, autoclaved groundwater or stream water. The headspace of the bottles 
was filled with nitrogen and sealed with gas tight rubber stoppers and aluminum crimp 
seals. 
Each type of microcosm was prepared in triplicate. The microcosms and controls 
were incubated in the dark in constant temperature incubators set at 12°C or 16°C, which 
are the average seasonal temperatures of Davis Mine groundwater during the winter and 
summer months, respectively. As a natural, complex carbon source, 5 mL of algae-extract 
derived from the algal mat composed mainly of the multicellular, filamentous green alga 
Klebsormidium sp. at Davis Mine (phycologists R. Mullins and R.Wilce, Univ. of 
Massachusetts, personal communication), was added to the microcosms. The algae-
extract was prepared by cutting the algal material into smaller pieces prior to applying 
gentle pressure to filter the material using a vacuum filter holder without a filter (Catalog 
No.: DS0315-0047, Nalge Nunc International, Rochester, NY). 
As another natural, complex carbon source, wood chips collected from the site 
were chopped into 1 cm length pieces and 1 gram was added to microcosm bottles 
containing groundwater medium prior to autoclaving. One suite of wood chip based 
microcosms was amended with both nitrogen and phosphorous at 30 mg/L of (NH4)2SO4, 
and 31 mg/L KH2PO4 (WNP). Parallel incubations were amended with 84 mg/L of 
glycerol, 30 mg/L of (NH4)2SO4, and 31 mg/L KH2PO4 (Glycerol+N+P) as a positive 
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control for Fe(III) reduction based on prior research at the site (Ergas et al. 2006). 
Controls for the microcosms were autoclaved three times on consecutive days to 
inactivate biological activity as a killed control (KC). In a previous study (López-Luna 
2008), the appropriate method for inactivating biological activity was investigated.  
Triplicate microcosms were autoclaved as described above, or gamma irradiated at 2.05 
Mrad from a Cesium-137 – chloride (Cs-137) source gamma irradiator available at the 
University of Massachusetts, Amherst, MA. Autoclaving did affect the initial pH and 
ORP values for some sets of microcosms; however, this method was the least variable 
with smaller standard deviations over 120 days of incubation as compared to gamma-
radiation-treated killed controls. 
 
Analytical Methods 
Key geochemical parameters and the abundance and presence of SRB were 
investigated for duration of 100 days at weekly (days 0 to 30) and bimonthly intervals 
(days 30 to 100).  Microcosms and KC were shaken before sampling to obtain a 
homogenous sample containing both sediment and water. The samples were extracted 
from the microcosms using anaerobic and aseptic techniques on the day of inoculation 
and periodically during the course of the incubation period to record a suite of 
geochemical parameters (pH, ORP, and sulfate and Fe(II) concentrations). The pH and 
oxidation-reduction potential (ORP) of the samples were monitored using a pH/ORP 
meter (Thermo Orion, Waltham, 
MA) equipped with a pH combination electrode and a platinum reduction/oxidation 
electrode. The concentration of sulfate was measured using an ion chromatograph 
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(Lachat Zellweger Analytics IC 5000, Loveland, CO). Concentrations of Fe(II) were 
measured using the ferrozine assay (Stookey 1970). The concentrations of total dissolved 
sulfur and iron were measured using a Spectro M120 inductively coupled plasma optical 
emissions spectrophotometer (Spectro Analytical Instruments, Kleve, Germany). 
 
Statistical Analysis 
Data were subjected to statistical analysis using the software Statistical Analysis 
System (SAS 9.1.3). Statistical analysis of the data was performed to evaluate the effect 
of various treatments: comparison between microcosms and KC, effect of sampling 
location (unamended), effect of sampling KC and WNP microcosms. The net change in 
pH and ORP achieved by the end of the experiment was evaluated for each treatment and 
compared using one-way analysis of variance (ANOVA). Raw data consisted of triplicate 
measurements for active microcosms and one measurement for the KC. Homogeneity of 
the variances was checked via Hartley’s Fmax test at 5%. In the case of significant 
differences among the treatments (p-value < 0.05), the effect of the treatment mean was 
evaluated by making pairwise comparisons employing the Tukey method (Kosinski et al. 
1979; Kutner et al. 2005). 
 
FISH of Microcosms Samples 
Fluorescent in situ hybridization (FISH) was performed to detect and quantify 
SRB cells. The universal eubacterial and SRB rRNA-targeted probes,  
EUB338 (5_/56-TAMN/GCTGCCTCCCGTAGGAGT3_) and  
SRB385 (5_/56-FAM/CGGCGTCGCTGCGTCAGG3_) (IDT, Coralville, IA) 
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respectively, were applied to selected microcosms samples extracted at different time 
points (Amann et al. 1990; Amann et al. 1992; Icgen et al. 2006). 
Collected microcosms samples were fixed in a 3:1 volume of 4% 
paraformaldehyde and incubated overnight at 4◦C. Samples were then concentrated by 
centrifugation, washed in 1x phosphate buffered saline (pH 7.2), and concentrated again 
by centrifugation at 16,000 x g for 10 min. Samples were resuspended in 95% ethanol 
and stored at −20°C. Cells were fixed onto gelatin-coated slides (Fisher Scientific) by air-
drying of a defined volume of a fixed cell suspension at room temperature, and then 
dehydrated by passing through a 50%, 80%, and 95% ethanol series for 3 minutes each. 
For pre-hybridization, a buffer consisting of 0.9 M NaCl and 20 mM TRIS, pH 8 
was added directly onto the fixed sample, and incubated for 1 hour at 46◦C in a 
hybridization oven. Immediately after the pre-hybridization step, the fixed sample was 
overlaid with hybridization buffer (0.9 M NaCl, 0.1% SDS, and 20mM TRIS, pH 8) 
containing 50 ng of each probe, and a coverslip was applied. Slides were then incubated 
for 2 hours at 46°C in the hybridization oven. After hybridization, cover slips were 
removed by gently shaking the slides in prewarmed wash buffer (0.9M NaCl, 20mM 
TRIS pH8, 5mM EDTA, 0.1% SDS). In diffuse light, the slides were then washed twice 
in prewarmed wash buffer for 10 minutes, gently rinsed with sterile, double-distilled 
water, and air dried in the dark. An epifluorescence microscope supported with the digital 
software NikonSpot Advance (Nikon, Melville, NY) was used to capture both phase 
contrast and fluorescent images with the appropriate filter blocks in each of the 20 fields 
per sample. The analysis of direct counts was performed using the software ImageJ 
(Abramoff 2004). 
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Results 
 
Composition of Bacterial Communities 
Clone libraries of the 16S rRNA genes from AZ and GZ contained 98 randomly 
chosen clones each, of which 2 clones from the AZ and the GZ libraries were determined 
to be chimeras and removed. The AZ was composed of 45 OTUs while the GZ library 
represented 44 OTUs at the 97% cutoff value of sequence similarity commonly used to 
delineate bacterial species. Representative 16S rRNA sequences of clones of the AZ and 
GZ are summarized in Table 2.1. Relative distributions of OTUs by classes within sites 
AZ and GZ are shown in Figure 2.2. Notably, Acidobacteria are represented in both the 
AZ and GZ. Also, members of the Nitrospira were only detected in the GZ. All clones 
within the family Nitrospira family belonged to the genus Leptospirillum. The closest 
relatives of the dominant member in the AZ were found in forest soil; whereas, the 
closest relatives of the dominant sequence in the GZ were found in AMD. 
Based on phylogenetic inference, sequences of AZ were dominated by 
Acidobacteria, followed by alpha-Proteobacteria, Clostridia, and delta-Proteobacteria. 
Members of the Nitrospira, followed by Acidobacteria, alpha-Proteobacteria, and 
gamma-Proteobacteria, dominated the microbial community of the GZ. 
Rarefaction analysis showed that there was inadequate sampling for both AZ and 
GZ, as indicated by the non-asymptotic levels of both curves in Figure 2.3. According to 
the richness estimators SChao and SACE the site AZ could contain as many as 59 and 78 
OTUs, respectively, which is between 1.3 and 1.7 times the number of OTUs found in 
our analysis; whereas the number of OTUs expected in GZ were calculated as 137 and 
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149, respectively, which represents 3.1 to 4.4 times the number of OTUs revealed. Based 
on the diversity indexes, there are no significant differences between the diversity of the 
microbial communities of AZ and GZ. 
 
 
Unamended Microcosms 
The trends for ORP and pH over time for unamended microcosms incubated at 
16°C are shown in Figure 2.4. Microcosms representing site AZ showed an increasing pH 
trend. By day 33, the pH had increased by approximately 2.6 pH units, from pH 3.25 to 
pH 5.85. The changes in pH for the AZ, GZ, and S2 were not significantly different; 
however, there was a significant difference between site AZ and the KC (p = 0.01). 
ORP measurements corresponded with the trends of increasing pH. For AZ 
microcosms, as the pH increased, the ORP value decreased. By day 33, the ORP had 
decreased by approximately 285 mV (Figure 2.4). The changes in ORP were not 
significantly different for the GZ, S2, and KC; however, changes in ORP for the AZ and 
the KC were significantly different (p = 0.006). 
The trends in sulfate measurements for microcosms representing sites AZ and GZ, 
and the respective KC are shown in Figure 2.5. While the sulfate concentration of AZ 
increased by about 22% or 116 mg/L over 43 days from an initial concentration of 412 
mg/L, the sulfate concentration of GZ decreased by about 32% or 254 mg/L from an 
initial concentration of 808 mg/L. At the same time, the sulfate concentration of the KC 
decreased by about 25%, reflecting a comparable trend to the GZ microcosms. Although 
the sulfate concentration increased in the AZ microcosms, the production of sulfides in 
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the form of black precipitates and a pronounced odor of hydrogen sulfide developed only 
in the AZ microcosms. 
Trends in Fe(II) concentration show a clear increase for microcosms representing 
the AZ and GZ and more than tripled over 43 days (Figure 2.6). Fe(II) also increased in 
KC by a factor of approximately 2; however, the rate of Fe(II) production was highest in 
the AZ microcosms, with the earliest increase in concentration of the two-stage release 
after only 12 days. 
Using fluorescent in situ hybridization (FISH), SRB-specific probes detected the 
presence of sulfate reducers in every microcosm.  On day 0, an average of 3.07 x 104 
SRB cells/mL was found in the AZ microcosm incubated at 16°C compared to 1.20 x 104 
SRB cells/mL in GZ incubated at 16°C. By day 33, the unamended AZ microcosms had 
an average of 7.32 x 104 SRB cells/mL while GZ microcosms had 5.33 x 103 SRB 
cells/mL. AZ microcosms amended with Glycerol+N+P had 1.31 x 104 cells/mL on day 
0. After 33 days of incubation, there were 2.10 x 105 SRB cells/ml; two orders of 
magnitude greater than GZ microcosms. In contrast, the number of cells in GZ 
microcosms did not increase when amended with Gycerol+N+P, with 1.33 x 104 SRB 
cells/mL on day 0 and 5.14  x 103 cells/mL. 
Probes specific to eubacterial cells showed an increase in cell numbers for AZ 
microcosms. In unamended AZ microcosms the number of cells increased three fold from 
7.72 x 104 cells/ml to 2.44 x 105 cells/ml in 33 days. When amended with Glycerol+N+P 
the number of cells increased 17 times to 1.33 x 106 cells/ml. 
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Glycerol + N + P Amended Microcosms 
The trends in ORP and pH over time for Glycerol+N+P amended microcosms 
incubated at 16°C showed significant differences between AZ and GZ microcosms 
(Figure 2.7). At the end of the incubation, the pH had increased by approximately 2.23 
pH units in AZ. The pH trend of GZ was much less pronounced, only increasing by 
approximately 1.23 pH units. The pH of KC remained relatively constant and below pH 
3.60 in the course of 100 days of incubation. 
A similar difference was observed for the ORP values. ORP values for AZ 
decreased 2.3 times as much as those for GZ microcosms (Figure 2.7). While the ORP for 
AZ decreased substantially by 267 mV over only 33 days, the ORP for GZ increased 
during this time period by 21 mV and then decreased after day 33 to 150.8 ± 24.2 mV on 
day 100, a total decrease of 117 mV.  The change in ORP for KC was only 47 mV over 
the entire incubation period. 
Figure 2.8 shows the trends in sulfate measurements for AZ, GZ, and KC. No 
significant changes of the sulfate concentrations were observed in the GZ microcosms 
over time, while the sulfate concentrations in the AZ increased within the first week and 
then decreased to the level of the KC. 
Trends in Fe(II) concentration for Glycerol+N+P amended microcosms show a 
strong increase in the AZ after the initial 12 days to a final concentration more than triple 
the initial concentration, while GZ, and the KC mirror one another and increase rather 
slowly and only to moderate levels (Figure 2.9). 
To compare the effect of incubation temperature and the sampling seasons, Figure 
2.10 shows ORP and pH trends for AZ microcosms.  Microcosms created with samples 
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collected during the winter months were incubated at the average winter groundwater 
temperature (12°C) of the site and compared to a set incubated at 4°C; likewise 
microcosms created from samples collected during the summer months were incubated at 
a higher, average summer temperature (16°C), and compared to a second triplicate set of 
summer microcosms incubated at 12°C. 
Changes in pH and ORP over the time of incubation were significantly lower for 
the 12°C-incubated microcosms collected in the winter than for the 12°C and the 16°C 
incubated microcosms collected in the summer (p = 0.0001). However, changes in pH 
and ORP of 12°C and 16°C -incubated microcosms collected in the summer were not 
significantly different (Figure 2.10). 
After 43 days, the highest pH for the microcosms incubated at 16°C was 6.19 ± 
0.10, while the lowest ORP value was −98.7 ± 18.6 mV on day 84. Despite the low 
incubation temperature of 4°C, the pH increased by approximately 1.17 pH units, which 
is even greater than the increase of pH for microcosms of GZ incubated at 12°C (0.64 pH 
units). 
A similar trend was observed with microcosms amended with wood chips, 
nitrogen, and phosphorous (WNP) incubated at 4°C versus 12°C (data not shown), 
although the differences between incubations were not as substantial as seen for the 
Glycerol+N+P amended microcosms. The pH of WNP amended microcosms incubated at 
4°C remained at the lower initial value compared to microcosms incubated at 12°C. 
However, despite the lower incubation temperature, the 4°C-incubated microcosms 
representing AZ showed a higher pH and lower corresponding ORP than the GZ and S2 
microcosms incubated at the higher temperature of 12°C. Therefore, the site sampled and 
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the amendments seemed to have a larger effect on increasing the pH and lowering the 
ORP than the actual incubation temperature. 
 
Varying Substrate Amendments to AZ 
While unamended microcosms from the AZ exhibited attenuation, the trends of 
increasing pH and decreasing ORP were enhanced by the addition of an organic carbon 
source such as Glycerol+N+P or algae-extract. Microcosms amended with algae-extract 
exhibited a change in pH (Figure 2.11) and ORP (Figure 2.12) sooner than Glycerol+N+P 
amended microcosms, although Glycerol+N+P amended microcosms of the AZ site 
incubated at 12°C produced the highest final pH value of 6.03 ± 0.03 with a 
corresponding lowest ORP value of −119.73 mV ± 15.08. 
The opposite effects were observed when microcosms were amended with wood 
chips alone (data not shown) or with a mixture of nutrients and woodchips in WNP 
(Figure 2.11 and 2.12).  The changes in pH for the WNP amended or the KC showed no 
significant differences over the incubation period (p = 0.46).  Similarly, there was no 
difference for the change in ORP for these two types of microcosms (p = 0.05). 
Therefore, amending microcosms with wood chips or WNP produced microcosms similar 
to the KC. 
Although amendment with an organic substrate enhanced the trends of increasing 
pH and decreasing ORP for AZ microcosms, there was no significant effect for GZ 
microcosms (data not shown). The production of sulfides was detected only in AZ 
amended microcosms that exhibited increasing pH and decreasing ORP, with the 
development of black precipitates and the pronounced odor of H2S. 
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Discussion 
 
Site Comparisons 
By comparing two sites at Davis Mine with contrasting geochemical 
characteristics, we hoped to gain insight into the key processes that lead to the attenuation 
of AMD. By using microcosms, we were able to demonstrate that the changes in 
geochemistry are due to the natural microbial population, which can be stimulated by 
carbon and nutrient amendments. Although these microcosms are closed systems and 
therefore do not take into account the hydrological processes at Davis Mine, this study 
enables us to investigate whether the reactions of interest, namely sulfate reduction and 
iron oxidation and reduction, are occurring at our designated sites, GZ and AZ. 
The trends reflecting attenuation in W14 samples, which is situated within the 
AZ, may be attributed to the nature of the vegetation at the AZ. W14 is surrounded by 
larger trees and contains more soil organic matter than W15, which is located within the 
GZ and contains more waste-rock material and young tree saplings. In a study by Chabbi 
et al., organic exudates from bulbous rush were degraded by microbes protected within 
the interstitial space between the root and the mineral plaque. The plant and its associated 
microbes were then able to grow in acidic mining lakes (Chabbi et al. 2001). The 
microbial community that is able to attenuate AMD at Davis Mine may be supported by 
the more mature trees in close proximity to W14. The microbial community in turn may 
insulate the trees from the acidic water that is detrimental to the trees by changing the pH 
of the environment either in the bulk root zone or in the rhizosphere. 
Site S2 is located downstream from the waste-rock piles next to the streambed 
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where an algal mat exists. The samples taken at this site are surface samples and were 
used as a comparison to those microcosms constructed from subsurface samples. It was 
expected that microcosms representing site S2 would have more active reduction activity 
than W15, because the exudates from the nearby algal mat may serve as a carbon source 
for SRB and iron reducers. Our expectations were based on data by Benner and 
colleagues who saw higher numbers of SRB populations associated with waste-rock 
material and in portions of the aquifer where organic carbon concentrations were high 
(Benner et al. 2000).  However, the higher waste-rock content in the Davis Mine 
streambed may have had a greater and negative influence on the ability of SRB to thrive 
in microcosms for site S2. Nonetheless, the area where W14 is located may be benefiting 
from the algal bloom at S2 since the groundwater travels through S2 towards W14 (A. 
Sengupta, University of Massachusetts, personal communication), possibly supplying 
dissolved organic carbon for bacterial growth and therefore stimulating natural 
attenuation. 
Trends of increasing pH and decreasing ORP indicate that sulfate and Fe(III) 
reduction are occurring. These trends were only seen in microcosms constructed from AZ 
samples except when AZ samples were amended with wood chips, which inhibited 
AMD attenuation. An additional indicator of sulfate reduction is the formation of black 
precipitates, Fe-monosulfides (Fortin et al. 1997), and the odor of H2S (Gibert et al. noted 
the presence of SRB when they detected a strong H2S odor from creek sediment 
Gibert et al. 2004). The formation of black precipitates and H2S odor were observed in 
Davis Mine microcosms exhibiting trends of increasing pH and decreasing ORP. In 
addition, the increasing Fe(II) concentration in the microcosms indicates that 
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Fe(III) reduction is occurring. This increase in Fe(II) concentration may be due to 
unknown Fe-reducers or may be caused by indirect, abiotic Fe(III) reduction which can 
occur when sulfide produced from sulfate reduction reduces Fe(III) (Tuttle et al. 
1969). While these trends and the direct detection of SRB by FISH labeling indicate that 
sulfate reduction is occurring, the increasing Fe(II) concentration suggests that Fe 
reduction may also be occurring (Figure 2.6) (Cummings et al. 2000). Of course, the 
results presented are not sufficient to offer direct confirmation that SRB or Fe-reducers 
are metabolically active in the microcosms, which will be a target for future research. 
The transformations of minerals typically found in acid mine waters such as 
jarosite and schwertmannite are pH dependent.  With increasing pH, the mineral-bound 
and surface bound sulfates are released (Frömmichen et al. 2004). This trend has been 
previously observed in other Davis Mine microcosms (López-Luna et al. 2007), which 
may explain the increasing sulfate concentration as the pH in the microcosms increases. 
 
Stimulation of Microcosms 
Davis Mine microcosms were amended with natural, readily available organic 
substrates as well as an inexpensive alternative carbon source for the purpose of 
developing remediation strategies.  A study done by Hulshof et al. found that directly 
adding organic carbon as co-blended layers to saturated waste-rock material below the 
water table prevented mine drainage (Hulshof et al. 2003). 
In our comparative microcosm study, we found that adding algae-extract from 
Davis Mine enhanced the trends of increasing pH and decreasing ORP and were therefore 
an efficient amendment. Boshoff et al. used dried Spirulina spp. and found that at lower 
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organic loading rates, sulfate reduction was more efficient, and on average 150 mg 
sulfate per gram of algal biomass per day were reduced (Boshoff et al. 2004). 
Adding Glycerol+N+P to our microcosms equally enhanced the trends of 
increasing pH and decreasing ORP. In another study, bioreactors containing acidophilic 
SRB were able to oxidize glycerol, lactic acid and ethanol at a pH range between 2.25 to 
4.0 over 10 weeks (Kolmert et al. 2001). In our study, the use of glycerol with or without 
N+P amendment resulted in accelerated attenuation in AZ microcosms. The fact that 
SRB were also detected in the microcosms within 33 days of incubation further supports 
our hypothesis of biologically stimulated attenuation. 
Given that the most cost-effective and available organic electron donors are plant 
material or industrial/municipal waste (Coetser et al. 2006), wood chips were added with 
and without trace amounts of N+P. However, addition of wood chips collected from the 
trees at Davis Mine did not produce any change in pH or ORP, even with the addition of 
the nutrients N or P (data not shown). Hulshof et al. (2003) used wood chips from a local 
forest product mill close to an AMD site in Timmins, Ontario to stimulate sulfate 
reduction. Their column study results suggest that the wood chip material did not 
promote sulfate reduction to the same extent as pulp waste due to insufficient 
concentrations of labile carbon or nutrients such as phosphorous and inorganic nitrogen 
in pulp (Hulshof et al. 2003). In a study where 17 organic sources were tested as suitable 
amendments, Coetser et al. found that pine wood chips used in their AMD-treatment 
bioreactors produced the lowest amount of sulfate reduction (Coetser et al. 2006). The 
wood chips gathered at Davis Mine may have been an unsuitable amendment because of 
insufficient labile or bioavailable carbon or nutrients. 
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In considering appropriate organic carbon additions, Coetser and colleagues 
suggested that carbon sources that are high in protein, have a low lignin content, and are 
low in crude fiber would be more bioavailable for fermentation and would generate 
fermentation end products that would stimulate sulfate reduction (Coetser et al. 2006). 
Similarly, in our test series algae extract and Glycerol+N+P amendments resulted in more 
AMD attenuation than wood chips. Another consideration, besides the bioavailability of a 
substrate, is the amount of time the substrate is available in the system. Gibert et al. 
found that residence time plays a factor in the amount of sulfate reduced, for example, 
changing the residence time in a bioreactor from 0.73 to 2.4 days increased sulfate 
removal from the level of non-detectable sulfidogenesis to 18% (Gibert et al. 2004). 
Since microcosms are a closed system, the highest potential for AMD attenuation may 
already have been observed. In future studies, the effect of adding additional organic 
carbon throughout the incubation period should be investigated in order to increase the 
rate of sulfate and iron reduction by adapting the community to the substrate provided. 
 
Composition of Bacterial Communities 
Iron oxidation is one of the key processes for the generation of AMD and 
therefore, it is not surprising to find iron oxidizers such as Leptospirillum and 
Acidithiobacillus, which are found commonly in AMD sites (Baker et al. 2003; Schrenk 
et al. 1998), in the GZ of our site. The fact that iron-oxidizers at AZ were undetected may 
explain why the pH of the AZ was higher than site GZ. According to a study by Bond et 
al., the most important organisms to produce AMD at the Richmond Mine, Iron 
Mountain, Calif., are likely to be species of Ferroplasma, Leptospirillum groups II and 
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III, Sulfobacillus, and to a lesser extent Acidimicrobium (Bond et al. 2000). At site W15, 
which is located within the GZ, Acidimicrobium and Leptospirillum, as well as 
Acidithiobacillus were found.Without iron oxidizers, AMD is not abundantly generated 
and thus the pH remains near neutral. 
While black precipitation and specific malodorous products indicate that sulfate 
reduction is occurring, the increasing concentration of reduced iron over time indicates 
that iron reduction may also be an active metabolic trait (Figure 2.6) (Baker et al. 2003; 
Johnson 1995; Vile et al. 1993). However, results from our study have not allowed us to 
confirm that either SRB or Fe-reducers were metabolically active in the microcosms. 
AMD sites are characteristically limited in dissolved organic carbon (DOC) 
(Kolmert et al. 2001). It is unlikely that the concentration of DOC alone would limit 
sulfate reduction, and perhaps the bioavailability rather than the concentration of sulfate 
or organic carbon is the most important factor controlling sulfate respiration (Harris et al. 
2006). A study by Küsel et al. concluded that in acidic and carbon-limited zones, Fe(III) 
reduction predominates over sulfate reduction. However, SRB were better adapted to the 
particular geochemical characteristics of the site than neutrophilic, dissimilatory Fe(III) 
reducers so that above pH 5 acetate-dependent sulfate reduction occurred, and the Fe(III) 
supply was not reduced (Küsel et al. 2000). For long term and permanent AMD 
attenuation, sulfate and iron reduction should occur in close proximity to supplies of 
sulfate and Fe(III). 
Acid mine drainage is one of the largest environmental problems caused by the 
mining industry (Johnson 1998). Methods to prevent AMD production and methods to 
remediate AMD are both time consuming and expensive. Promoting the natural 
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attenuation of sites affected by AMD offers a more cost effective strategy for the mining 
industry (Johnson et al. 2005), and enables the reduction of environmental damage at a 
larger scale. Besides offering an alternative AMD remediation strategy, understanding the 
role of SRB and Fe-reducers at AMD sites may also provide new information for 
developing remediation strategies for acidic metal contaminated industrial waste streams. 
Additional research efforts will establish if SRB and Fe-reducers are active in the area of 
high waste-rock material of Davis Mine. By determining the rate of sulfate reduction and 
the abundance and diversity of SRB in AMD sites, we may also provide estimates of their 
importance in other global settings. 
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TABLE 2.1:    Representative  16S  rRNA  sequences  of  bacterial  clones  found  in  the sediment of  the AMD attenuating  zone and  the AMD generating  zone, which were used as the inoculum for microcosms incubated at 12°C. The closest relative and its source habitat are provided as a reference.  
Sampling Site  Clone  Class  Closest relative and source habitat   Similarity [%] 
Relative abundance within community based on classes [%] 
AZ  w14‐95  Acidobacteria 
uncultured bacterium; FW120; AF523988 of forested wetland impacted by reject coal  92  1   w14‐29  α‐Proteobacteria Bradyrhizobium sp. MSDJ 5725; AF363148 from soil  97  2 
  w14‐35  ∂‐Proteobacteria 
uncultured bacterium; RCP2‐54; AF523886 from a forested wetland impacted by reject coal  82  3 
GZ  w15‐106  Acidobacteria  uncultured forest soil bacterium; DUNssu360 from forest soil  96  9 
  w15‐16  α‐Proteobacteria Acidiphilium sp. CCP3; AY766000 from acidic, metal‐rich mine waters  99  5 
  w15‐44  γ‐Proteobacteria 
acid streamer bacterium PK51; AY765997 from acidic metal‐rich mine waters  99  4 
   w15‐75  Nitrospira 
Leptospirillum ferrooxidans; 49879; AF356832 from commercial bio‐oxidation tanks  100  14 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FIGURE 2.1:  Location of Davis Mine in Rowe, Massachusetts (inset).  Detailed map of  study  site with  location  of  surface water  (S)  and  groundwater  (Well)  sampling locations.  Surface water site S2 and wells labeled Well14 and Well15 are discussed in  the  text.    For  a  photographic  documentation  of  the  site  please  refer  to www.umass.edu/biocomplexity. 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FIGURE 2.2:  Relative distribution of OTUs by classes within sites AZ and GZ.    
 
 
 
FIGURE 2.3:    Rarefaction  curves of OTUs based on 16S  rRNA  sequences obtained from sites AZ and GZ.   Diversity  indexes and diversity estimators are  indicated for each community. 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FIGURE 2.4:  Unamended microcosms: ORP and pH values for triplicates of sites AZ (solid squares), GZ (open squares), SB (crosses), and the killed control, KC (dashed line) incubated at 16°C for 100 days.  Error bars indicate standard deviation of the mean. 
 
 
 
 
 
 
FIGURE 2.5:  Unamended microcosms: Sulfate concentrations for triplicates of sites AZ (solid squares) and GZ (open squares) compared to the KC (dashed line) incubated at 16°C for 43 days.  Error bars indicate standard deviation of the mean. 
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FIGURE 2.6:   Unamended microcosms:  Fe(II)  concentration  for  triplicates  of  sites AZ (solid squares) and GZ (open squares) microcosms compared to KC (dashed line) incubated at 16°C for 43 days.  Error bars indicate standard deviation of the mean. 
 
 
 
 
 
 
 
FIGURE  2.7:    Glycerol  +  N  +  P  amended  microcosms:  ORP  and  pH  values  for triplicates  of  sites  AZ  (solid  triangles),  GZ  (open  triangles),  and  KC  (dashed  line) incubated at 16°C for 100 days.  Error bars indicate standard deviation of the mean. 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FIGURE  2.8:    Glycerol  +  N  +  P  amended  microcosms:  Sulfate  concentrations  for triplicates  of  sites  AZ  (solid  triangles)  and  GZ  (open  triangles)  compared  to  KC (dashed line) incubated at 16°C for 43 days.  Error bars indicate standard deviation of the mean.  
 
 
 
 
 
FIGURE  2.9:    Glycerol  +  N  +  P  amended  microcosms:  Fe(II)  concentrations  for triplicates  of  sites  AZ  (solid  triangles)  and  GZ  (open  triangles)  compared  to  KC (dashed line) incubated at 16°C for 43 days.  Error bars indicate standard deviation of the mean. 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FIGURE 2.10:   Effect of sampling season and  incubation temperatures on the ORP and pH values  for  triplicates  of Glycerol+N+P  amended microcosms of  site AZ  for 100  days.    Microcosms  constructed  from  samples  collected  in  the  winter  and incubated  at  12°C  (solid  triangle)  or  at  4°C  (upside  down  solid  triangle).  Microcosms  constructed  from  samples  collected  in  the  summer  and  incubated  at 16°C  (upside down open  triangle)  or  at 12°C  (open  triangle).    Error bars  indicate standard deviation of the mean. 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FIGURE 2.11:  Effect of different substrate amendments to pH values for triplicates of AZ microcosms  incubated at 12°C for 100 days.   Unamended microcosms (solid squares),  Algae  amended  (solid  circles),  Glycerol+N+P  amended  (solid  triangles), WNP  amended  (solid  diamonds),  and  KC  (open  triangles).    Error  bars  indicate standard deviation of the mean. 
 
 
 
  
FIGURE  2.12:    Effect  of  different  substrate  amendments  to  ORP  values  for triplicates  of  AZ  microcosms  incubated  at  12°C  for  100  days.    Unamended microcosms (solid squares), Algae‐amended (solid circles), Glycerol+N+P amended (solid  triangles), WNP amended  (solid diamonds),  and KC  (open  triangles).    Error bars indicate standard deviation of the mean. 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CHAPTER III 
RATE, ABUNDANCE, AND DIVERSITY OF SULFATE-REDUCING BACTERIA 
AT AN ACID MINE DRAINAGE SITE 
 
Abstract 
The natural populations of sulfate-reducing bacteria (SRB) are thought to be the 
main contributors of the attenuation of acid mine drainage (AMD) at our study site, Davis 
Mine in Rowe, Massachusetts.  Field observations and laboratory microcosms indicate 
active biological sulfate reduction. The rates of sulfate reduction were determined under 
three different conditions.  Triplicates of unamended microcosms, microcosms amended 
with glycerol as a carbon source, and with the nutrients ammonia and phosphate, and 
sterilized microcosms as controls were incubated anaerobically with radiolabelled sulfate, 
in the dark at 20ºC.  The sulfate reduction rate was determined from scintillation 
measurements of radiolabelled sulfide extracted using the cold chromium distillation 
method.  There was no significant difference at the 95% confidence level in sulfate 
reduction rates between the unamended and amended microcosms.  The average sulfate 
reduction rate of triplicates of unamended microcosms was 19.09 ± 2.41 nmol cm-3 d-1 
compared to 22.10 ± 1.62 nmol cm-3 d-1 for triplicates of amended microcosms.  The 
sterilized microcosms were 0.31 and 0.29 nmol cm-3 d-1, respectively.  The composition 
of SRB populations based on the phylogenetic analysis of 16S rRNA and dsrAB found 
four distinct groups of SRB: Desulfobulbus; Desulfobacter; Desulfococcus-Desulfonema-
Desulfosarcina; and Desulfovibrio-Desulfomicrobium.  The abundance of SRB cells was 
based on the enumeration of the dsr gene and was greater in microcosms amended with 
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glycerol, ammonia, and phosphate.  The number of SRB cells also increased by two 
orders of magnitude during the incubation.  However, the increase in SRB abundance did 
not correlate with the rate of sulfate reduction indicating that a portion of the SRB 
population was utilizing an electron acceptor other than sulfate. 
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Introduction 
 
Acid mine drainage (AMD) is an acidic, metal-rich leachate caused by mining 
sulfur-rich minerals and is an environmental threat that causes a reduction in ecological 
stability (Gray, 1997).  From constructed wetlands to bioreactors, the goal of several 
current research efforts is to remediate AMD by capitalizing on the ability of sulfate-
reducing bacteria (SRB) to convert sulfate to sulfide (Foucher et al., 2001; Jon & Parry, 
2003; Bilgin & Harrington, 2007; Neculita et al., 2007).  In addition, the formation of 
metal sulfide precipitate would decrease the concentration of dissolved metals in the 
contaminated water.  Both mechanisms would decrease the acidity of the water (Johnson, 
1995; Foucher et al., 2001; Kolmert & Johnson, 2001; Benner et al., 2002; Jong & Parry, 
2003; Doshi, 2006; Zagury et al., 2006; Church et al., 2007; Kaksonen & Puhakka, 2007; 
Neculita et al., 2007).   
Many recent studies have either focused on describing the diversity or presence of 
SRB, or measured sulfate reduction (SR) in AMD impacted sites (Fortin et al., 2000; 
Kaksonen et al., 2004; Praharaj & Fortin, 2004; Becerra et al., 2009).  For example, 
Karnachuk (2005), Meier (2004), and Praharaj (2004) have used MPN’s or other 
cultivation-based techniques to describe the microbial communities of their respective 
study sites (Meier et al., 2004; Praharaj & Fortin, 2004; Karnachuk et al., 2005).  
Karnachuk (2005) targeted dominant SRB using fluorescent in situ hybridization (FISH), 
while Chang (2001) looked at the diversity of SRB by both phospholipid fatty acid 
profiles (PLFA) as well as functional gene-based analysis of the dissimilatory sulfite 
reductase (dsr) (Chang et al., 2001; Karnachuk et al., 2005).  
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Characterizing the microbial populations is important.  However, a more 
comprehensive understanding of SRB in acidic environments must include kinetic data.  
There have been several studies describing the sulfate reduction potential of their 
respective acidic sites using various techniques with sulfur isotopes (Meier et al., 2004; 
Roychoudhury, 2004; Karnachuk et al., 2005; Knöller et al., 2008).  Gyure and 
colleagues showed that sulfate reduction rate (SRR) increased with low amounts of 
organic compound amendments at pH 3.8 and pH 6.2 (Gyure et al., 1990).  Praharaj 
(2004) showed that SR is affected by temperature, acidity, and substrate availability, 
while Detmers (2001) did not find a correlation between sulfur isotope fractionations 
determined with salinity, incubation temperature, and pH, and the respective phylogeny 
(Detmers et al., 2001; Praharaj & Fortin, 2004).    
Despite current studies of sulfate reduction under acidic conditions, a link has yet 
to be provided to the diversity of SRB, their abundances, and their specific activity.  In 
this study, we describe the SRB and sulfate reduction activity in a model natural AMD-
attenuating site, Davis Mine.  Field observations and laboratory microcosms of our study 
site indicate active biological sulfate reduction, although rates for sulfate reduction have 
not been determined (Ergas et al., 2005; Bloom et al., 2007; Becerra et al., 2009). These 
indications for active sulfate reduction include low oxidation-reduction potential (ORP) 
along with near-neutral pH and decreasing sulfate concentrations in the vicinity of the 
bedrock tailings along the bottom of the acidic drainage plume at Davis Mine (Ergas et 
al., 2005).  Also, the presence of black precipitates and a pronounced odor of H2S 
observed in sampled Davis Mine ground water indicates that sulfate reduction is 
occurring (Fortin & Beveridge, 1997).  In addition, 16S rRNA gene-based analyses 
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reveal the presence of SRB near the monitoring wells along the periphery of the AMD 
effluent  (Ergas, et al., 2005).    
The goal of this study was to investigate bacterial sulfate reduction as a 
biogeochemical process involved in the natural attenuation of AMD.  Using geochemical 
and molecular methods, we determined the rate of sulfate reduction using radiolabeled 
sulfate, the abundance of SRB using quantitative PCR (QPCR,) and the diversity of SRB 
based on both marker genes, the structural 16S rRNA-gene and dsrAB.  By investigating 
the activity of the indigenous SRB under acidic conditions, we can determine whether 
sulfate reduction contributes to the attenuation of AMD at similar sites.   
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Materials and Methods 
 
Sampling and Microcosms Construction 
A sediment core was extracted from an AMD-attenuating zone within the study 
site, Davis Mine in Rowe, Massachusetts as determined from previous study (Becerra et 
al., 2009).  The core was extracted from a depth within the groundwater zone (Figure 
3.1). 
A sediment core of 15.2 cm in length and 5.0 cm in diameter was collected at 
Davis Mine using a sediment corer with a slide hammer attachment and was extracted 
from a depth of approximately 40 to 56 cm (Figure 3.2).  Groundwater was also collected 
0.5 m from the extracted core.  The sediment core was kept in N2(g)-filled mason jars and 
on ice during the one-hour transport back to the laboratory (Figure 3.3).   
Microcosms and killed controls were constructed as previously described using 
sediment and groundwater collected from the site (Becerra et al., 2009).  The microcosms 
were incubated at 18ºC for 24 days, until the maximum change in pH and ORP based on 
observations of previous microcosms had occurred.  After acclimatization, sulfate 
reduction rates measurements and the following analyses were performed.   
 
Sulfate Reduction Rate Determination 
To determine the sulfate reduction rates, the microcosms and the killed controls 
were injected with 3.0 µL of radio-labeled sodium sulfate, 35SO42- (Amersham 
Biosciences, Piscataway, NJ) and incubated in the dark at 18ºC.  Sulfate reduction was 
stopped by adding 20% (w/v) zinc acetate to the sample and kept at -20ºC.  The aqueous 
and sediment of the microcosms were separated and the sediment washed to remove 
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radio-labeled sulfate.  The sediment samples of the microcosms were added to a 
modified, one-step, distillation set-up (Figure 3.4) to which 20 mL of dimethyl-
formamide, 8 mL of 6 N HCl (Figure 3.5), and 16 mL of 1 M CrCl2 was injected 
anoxically (Figure 3.6).  The mixture was bubbled with N2(g) for 2 hours.  The liberated 
sulfide was precipitated as ZnS in the ZnAc-solution trap.  The radioactivity was 
measured on a scintillation counter as counts per minute (cpm) (Figure 3.7).  The rate of 
sulfate reduction was determined by comparing the activity of the total reduced sulfur to 
the activity of the total radiolabelled sodium sulfate (Kallmeyer et al., 2004).  
 
Chemical Analysis  
To measure the chemical constituents of the porewater, approximately 40 g of 
sediment in a 50 mL conical tube was centrifuged at 5,400 rpm for 20 min and the 
supernatant extracted.  Oxidation-reduction potential (ORP), pH, and the Fe(II) and 
sulfate concentrations were measured as previously described (Becerra et al., 2009).  
Dissolved organic carbon (DOC) was measured using a ShimadzuTOC-VCPN analyzer 
with ASI-V autosampler (Shimadzu Corporation Kyoto, Japan). 
 
DNA Extraction and Amplification  
DNA was extracted from unamended and Glycerol+N+P amended (GNP) 
microcosms using the UltraClean Soil DNA isolation kit (MO BIO Laboratories, Solana 
Beach, CA).  Reaction mixtures for PCR amplification of the dsrAB gene and 16S rRNA 
genes of six specific SRB groups were prepared with 1X buffer, 0.25 mM each dNTP, 
0.08U/10 µL Taq polymerase (all from Promega, Madison, WI), 2.0 mM MgCl2, 400 
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ng/µL BSA (Sigma, St. Louis, MO), 0.5 µM each of primer sets: DSR1F and DSR4R 
(Wagner et al., 1998) (Integrated DNA Technologies, Coralville, IA); DFM140 and 
DFM842; DBB121 and DBB1237; DBM169 and DBM1273; DCC305 and DCC1165; 
and DSV230 and DSV838 (Daly et al., 2000) (Integrated DNA Technologies, Coralville, 
IA) and 3.76 ng/µL DNA template in a final volume of 30 µL.  Amplification of the 
dsrAB genes and 16S rRNA genes for six specific SRB groups were performed in a PTC-
200 Peltier thermal cycler (MJ Research, Waltham, MA).  Reactions were carried out in 
30 cycles as follows for the amplification of the dsrAB genes: 94°C for 30 sec, 55°C for 
30 sec, 72°C for 90 sec with an initial denaturation step at 94°C for 5 min and a final 
extension at 72°C 5 min.  For the amplification of 16S rRNA genes of specific SRB 
groups were as described above with the exception of the annealing temperatures, which 
are as follows: DFM set at 58°C, DBB set at 66°C, DBM set at 64°C, DCC set at 65°C, 
and DSV set at 61°C (Daly et al., 2000).   
Amplicons were purified prior to ligation using QIAquick PCR purification kit 
(Qiagen, Valencia, CA).  The purified fragments were cloned into pGEM-T-Easy vector 
and transformed into Escherichia coli JM109 ((Promega, Madison, WI) (Stout & 
Nüsslein, 2005).  PCR products were confirmed by agarose gel electrophoresis and 
measuring the concentration was determined using a small volume spectrophotometer 
(Nanodrop 1000, Wilmington, DE). 
 
Quantitative PCR 
The quantities of SRB in each triplicate of each type (unamended vs GNP-
amended) of microcosms were determined in triplicate by QPCR of dsr using primers 
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DSR1F and DSRQ2R (Chin et al., 2008).  Each reaction contained 10 µL 2X SYBR 
Green master mix (Stratagene, La Jolla, CA), 0.3 µL of 1:500 Rox (Strategene, La Jolla, 
CA), 2.4 µL of each primer to a final concentration of 250 nM, 3.3 µL of H2O, and 1.6 
uL of template.  The same concentration of template for each sample was used as 
determined with a spectrophotometer (Nanodrop1000, Wilmington, DE).  Using a QPCR 
thermocycler MX3005P (Stratagene, La Jolla, CA) the reactions were run as follows: 40 
cycles of 95°C for 30 sec, 55°C for 1 min, 72°C for 1 min with an initial denaturation 
step at 95°C for 10 min and a final extension at 55°C for 30 sec.  Fluorescence was 
measured at the end of each cycle.  The relative abundances of dsr between unamended 
and Glycerol+N+P amended microcosms were determined by taking the abundance of 
dsr in the microcosms samples collected at the beginning of the incubation period, day 0.  
To determine the relative abundance of dsr in Glycerol+N+P amended microcosms on 
day 0 and on day 24, the abundance of dsr in the unamended microcosms was used.  
Amplicons of dsr were diluted and used as standards for QPCR to determine the quantity 
of dsr in each microcosm.  Three standard curves with R-squared value above 0.999 and 
efficiency above 83% were constructed (Figure 3.8).  
 
Sequencing and Phylogenetic Analysis 
Sequences of the dsrAB genes and 16S rRNA genes of six specific SRB groups 
were amplified using the dideoxy nucleotide chain termination method and a BigDye® 
Terminator v3.1 cycle sequencing kit and sequenced with a model 3730xl DNA analyzer 
(both Applied Biosystems, Inc., Foster City, CA).  The sequences were edited manually 
using the program Chromas (Technelysium Ltd, Tewantin, Australia).  Multiple sequence 
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alignments were created using Clustal X v.183 (Thompson & Higgins, 1997) or the 
Clustal interface within the software package BioEdit v5.0.9 (Hall, 1999).  Possible 
chimeras were detected using the program Mallard (Ashelford et al., 2005).  Clones were 
clustered into operational taxonomic units (OTUs) based on >95% similarity using the 
software package, DOTUR (Schloss & Handelsman, 2005).  Phylogenetic trees of dsrAB 
and 16S rRNA genes were constructed using MEGA v3.1 to cluster sequences based on 
the neighbor-joining method of Tamura-Nei and bootstrap confidence values of 1000 
replicates was performed (Kumar et al., 2004). 
 
DAPI Staining for Cell Counts 
For a total direct cell count based on the nucleic acid stain 4',6-diamidino-2-
phenylindole (DAPI) the samples were fixed in a 3:1 volume of 4% paraformaldehyde 
and incubated overnight at 4°C.  Samples were then concentrated by centrifugation, 
washed in 1x phosphate saline buffer (0.9g of NaCl, sodium phosphate buffer 15 mM, pH 
7.2 (pH 7.2), and concentrated again by centrifugation at 16,000 x g for 10 min.  The 
sediment slurry was sonicated for 30 sec with Tween-20 (0.01% final concentration) and 
diluted 1:150 with phosphate saline buffer.  The diluted sample was filtered through a 
MCE, Fisherbrand membrane (0.2 µm pore size, 25mm in diameter, Fisher Scientific, 
Pittsburg, PA).  DAPI in an antifade reagent was added directly to the membrane 
(ProLong Gold, Invitrogen, Carlsbad, CA), and allowed to cure overnight at room 
temperature.  The membranes were viewed under an epifluorescence microscope (Nikon 
Eclipse E400) with a Hamamatsu digital camera and 30 fields per sample were counted. 
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Results 
 
Geochemical characteristics of sediment core and the microcosms 
The increase in pH over time was greater in Glycerol+N+P (GNP) amended 
microcosms than in unamended microcosms, with an increase of 2.29 versus 2.76 units, 
respectively (Table 3.1).  Likewise, the decrease in oxidation-reduction potential (ORP) 
over the incubation time was greater in GNP-amended microcosms than in unamended 
microcosms, with a decrease of 326.03 mV and 280.63 mV, respectively.  The pH of the 
killed microcosms remained relatively constant; however, the ORP increased to more 
positive values, indicating oxidation.  The pH and ORP of the porewater extracted from 
the sediment core that was used to construct the microcosms were more similar to the pH 
and ORP of the microcosms at the end of the incubation.  Negative ORP values indicate 
reducing conditions were achieved.  The concentration of dissolved organic carbon 
(DOC) decreased in all microcosms including the killed controls.  The greatest decrease 
was seen in the Glycerol+N+P amended microcosms at 7.52 mg/L, while the unamended 
microcosms had a reduction of 2.16 mg/L and the killed controls had a reduction of 0.11 
and 0.71 mg/L, respectively.   
The average sulfate concentrations were 5.10 ± 0.34 mM and 4.48  ± 0.12 mM for 
the unamended and Glycerol+N+P amended microcosms, which were both higher than 
their respective killed controls.  The average Fe (II) concentrations were 1.56 ± 0.08 and 
0.97 ± 0.13 mM for the unamended and the Glycerol+N+P amended microcosms, while 
the concentration of Fe (II) in the killed controls were below the detection limit.  
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SRB abundance based on the abundance of the dsr gene 
The abundance of SRB based on the detection of the dsr gene was determined using 
QPCR with equal concentrations of the template in each reaction.  The Glycerol+N+P 
microcosms had 2 times the amount of dsr than the unamended microcosms. These 
results are based on the same concentration of template for triplicates of the microcosms, 
and the amount of dsr detected at the start of the incubation was used as the calibrator, 
(Figure 3.9A).   The amount of dsr increased more than two-fold in the Glycerol+N+P 
microcosms during the incubation period (Figure 3.9B). 
 
Enumeration of SRB by QPCR 
The number of SRB based on the quantification of the amount of dsr at the start of the 
incubation (t=0) in both unamended and Glycerol+N+P amended microcosms were 
similar (Table 3.3).  At the end of the incubation, the number of SRB in the 
Glycerol+N+P amended microcosms had increased more than the number of SRB in the 
unamended microcosms.  The total number of cells (DAPI-stained direct counts) did not 
change significantly, therefore the proportion of SRB within both microcosms changed 
dramatically during the incubation period (Table 3.3).  The percentage of SRB within the 
community is based on DAPI counts of the total cell number.  The percentage of SRB in 
the Unamended microcosms increased from 0.17% to 14.55%, compared to the GNP-
amended microcosms which increased from 0.12% to 23.20% at the end of the 
incubation. 
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Sulfate reduction rates 
Sulfate reduction was measured for unamended and Glycerol+N+P amended microcosms 
and their corresponding killed controls (Figure 3.10).  The rates for the corresponding 
controls were negligible at 0.31 and 0.29 respectively.  The unamended microcosms had 
a mean of 19.09 ± 2.41 nM/cm3d for triplicates.  The Glycerol+N+P amended 
microcosms had a mean of 22.1 ± 1.62 nM/cm3d for triplicates.  At 95% confidence level 
using the T-test, there is no significant difference in the sulfate reduction rates of both 
sets of microcosms. 
 
Phylogenetic analysis of microcosms 
 Three of the six SRB groups (dfm, dbb, and dbm) were detected in the 
unamended microcosms, while one additional group (dsb) was detected in the 
Glycerol+N+P microcosms (dfm, dbb, dbm, and dsb) (Table 3.2).  Clone libraries of the 
gene dsr for unamended and Glycerol+N+P amended microcosms revealed 8 and 7 
operational taxonomic units (OTU) respectively.   Both libraries were dominated by one 
OTU each.   Phylogenetic trees based on the dsrAB and 16S rRNA genes were 
constructed with representative clones of each OTU (Figure 3.11 and 3.12).   
The dsr sequences of both types of microcosms clustered together (Figure 3.11).  
The clustering indicates the presence of delta-proteobacterial-related SRB as well as a 
strong clustering of sequences based on the type of microcosm.  One sequence from the 
unamended microcosms was closely related to one of the six groups, Desulfobulbus 
propionicus which has the ability to grow with Fe(III). 
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The same set of representative SRB for each SRB group was represented in each 
tree for comparison.  No clustering based on microcosm type was found in the 16S rRNA 
gene-based analysis.  All groups except for DFM and DSV (Figure 3.11B and 3.11D) 
contained sequences outside their respective groups (Figure 3.11A and 3.11C), indicating 
that these primer sets are not group specific.   
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Discussion 
 
 
Rate of Sulfate Reduction  
At our study site, the AMD is naturally attenuated.  Microbial sulfate reduction is one 
mechanism thought to contribute to the attenuation of AMD.  Sediment and water 
samples collected from the site contained evidences of sulfate reduction such as 
blackened sediment (Figure 3.1, 3.2, and 3.3) and the smell of hydrogen sulfide.  At an 
abandoned sulfide mine in Spain, acidophilic SRB were thought to be active because of 
the presence of blackened sediment, which consisted of CuS (Rowe et al., 2007).  In 
addition, black precipitate formed in the microcosms of this study during incubation 
indicating active sulfate reduction. 
The rate of sulfate reduction was determined in this study by incubating 
environmental samples with and without addition of organic carbon and nutrients.  The 
addition of organic carbon and nutrients was thought to have a stimulating effect 
indicating a biological entity was responsible for the sulfate reduction.  Addition of 
glycerol with ammonia and phosphate did in fact increase the rate of sulfate reduction in 
our samples slightly.  This effect has also been found in other studies.  Fauville and 
colleagues found that the rate of sulfate reduction increased with the addition of organic 
substrate in acidic conditions (Fauville et al., 2004).  Likewise, Gyure and colleagues 
found that the addition of organic substrates stimulated sulfate reduction if the 
concentrations were less than 1 mM and the enrichment culture inoculated with AMD 
sediments showed sulfate reduction when glycerol was added instead of lactate (Gyure et 
al., 1990; Johnson et al., 1993).  An increase in sulfate reduction with the addition of an 
organic carbon indicates that the process is biological. 
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 Although the rate of sulfate reduction is low compared to other sulfidic 
environments (Jorgensen & Bak, 1991), our study has found evidence of sulfate reduction 
comparable to other acidic environments (Koschorreck, et al. 2003).  However, higher 
rates of sulfate reduction have been previously found (Praharaj & Fortin, 2004).  One 
explanation for the lower than expected sulfate reduction rate is that sulfide can reduce 
iron (dos Santos & Stumm, 1992).  Since AMD sites are high in iron concentration, 
sulfide may exist too briefly as it quickly reacts with iron to reduce it, and thus escaped 
our measurements based on evolving sulfide compounds.  Another explanation is that the 
growth of SRB was stimulated by the addition of organic carbon; however, either they 
were less active at reducing sulfate or were reducing a different terminal electron 
acceptor (Johnson & McGinness, 1993; Lovley et al., 1993; Coleman et al., 1993; 
Lovley, 1997; Tebo & Obraztsova, 1998; Weber et al., 2006; Senko et al., 2009).  This 
study provides additional information to a biological mechanism contributing to the 
attenuation of AMD. 
 
Abundance and Diversity of SRB 
Both the 16S rRNA gene and dsr gene based analyses were performed to describe 
the diversity of SRB.  Our study found that both dsr-gene and 16S rRNA-gene based 
analyses indicate potentially novel groups.  Based on dsrAB analysis, samples from an 
AMD-impacted salt marsh were dominated by a Desulfovibrio species with other SRB-
related groups (Desulfosarcina, Desulfococcus, Desulfobulbus, and Desulfosporosinus).  
The 16S rRNA phylogenetic analysis of that study did not capture all SRB that were 
detected through dsrAB phylogenetic analysis (Moreau et al., 2010).   In comparison to 
 73 
that study, the dsr gene-based analysis and 16S rRNA gene-based analysis also differed.  
For example, one sequence was related to Desulfotomaculum, a group previously found 
in AMD sites, were detected only based on 16S rRNA analyses (Figure 3.11B), but were 
not present in the dsr-gene based tree (Figure 3.11).  Most of the dsr clones were closely 
related to Desulfoarculus baarsii, an organic carbon-versatile species, while one clone 
was closely related to Desulfobulbus propionicus, which has the ability to grow with 
Fe(III) (Dryzga, et al., 1993; Holmes et al., 2004).  However, both analyses revealed 
SRB belonging to the delta-proteobacteria.  In addition, the SRB strongly cluster based 
on the type of microcosms in the dsr gene-based analysis (Figure 3.11).  The results of 
the 16S rRNA phylogenetic analysis did not consistently show similarity with the specific 
group of SRB (Figure 3.11A versus Figure 3.11B).  SRB amplified for the specific SRB 
group, Desulfotomaculum, clustered within that group (Figure 3.11B); however, the SRB 
amplified for the group, Desulfobacter, did not (Figure 3.11C).   The SRB present at our 
study site may be more diverse than previously thought.  
In addition to investigating the diversity of SRB, we quantified SRB present in 
our microcosms.  In a recent study by Moreau and colleagues using deep agar tube 
dilutions of sediment samples from an AMD pond, SRB abundance was 2.3 X 102 cells 
per mL (Moreau et al., 2010).  In comparison, we observed two to four orders of 
magnitude greater abundances in our AMD-impacted site (Table 3.3).  These potentially 
novel groups of SRB may be more adapted to the acidic environment of our study site 
and therefore exist in greater abundance. 
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TABLE 3.2:  Detection of six specific SRB groups in unamended and GNP-amended 
microcosms based on group specific PCR of the 16S rRNA gene. 
 
 
 
 
 
 
 
 
 
 
 
 
 
TABLE 3.3:  Enumeration of SRB by qPCR of the dsr gene and DAPI-stained cells with 
rate of sulfate reduction in unamended and GNP-amended microcosms.   
 
Microcosms SRB/mL (initial) 
SRB/mL 
(final) 
Cells/mL 
(initial) 
Cells/mL 
(final) 
SRR         
(nM/cm3d) 
Unamended 2.53 E+04        (± 8.72E+03) 
2.75E+06          
(± 7.07E+03) 1.52 E+07  1.89 E+07 19.09 ± 2.41 
Glycerol+N+P 2.21E+04         (± 7.07E+03) 
6.59E+06     
(± 6.46E+05) 1.83 E+07 2.84 E+07 22.10 ± 1.62 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SRB subgroup Unamended GNP-amended 
Desulfotomaculum (dfm) + + 
Desulfobacter (dsb) - + 
Desulfococcus-Desulfonema-Desulfosarcina (dcc) - - 
Desulfovibrio (dsv) + + 
Desulfobulbus (dbb) + + 
Desulfobacterium (dbm) - - 
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FIGURE 3.1: AMD attenuating zone where sediment core was extracted.  Black 
coloration and groundwater were observed at below the surface after the sediment core 
was extracted. 
 
 
FIGURE 3.2:  Sediment core sample extracted from the site showed visible layer of 
black precipitate. 
 
 
 
FIGURE 3.3: Sediment core with visible areas of black precipitate after transport to the 
lab. 
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FIGURE 3.4:  Schematic of cold distillation set-up for the extraction of reduced 35S 
products. Samples are homogenized under a stream of Nitrogen gas that acts as the carrier 
gas. Dimethyl formamide, 6 N hydrochloric acid, and 1 M reduced chromium chloride are 
added to the sample to extract the reduced sulfur products as a sulfide gas, H235S. The 
H235S is carried by the nitrogen gas into the zinc acetate trap where H235S becomes ZnS, a 
precipitate. Prior to entering the zinc acetate trap, any other aerosols that are not H235S will be 
removed in the citrate trap. The amount of 35S in the resulting precipitate in the 
zinc acetate trap is measured by the liquid scintillation counting. 
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FIGURE 3.5:  Cloudy effect occurs after adding 6N hydrochloric acid to the anaerobic 
sample, which releases the acid volatile sulfides (AVS). 
 
 
 
FIGURE 3.6:  Addition of the blue reduced, chromous chloride releases chromium 
reducible sulfur such as pyrite and elemental sulfur.  Addition of DMF occurs before 
chromous chloride is added to solubilize elemental sulfur rapidly and to destabilize S-S 
bonds, allowing the chromium to reduce the sulfide. 
 
 
 
FIGURE 3.7:  The sulfide gas is carried by nitrogen gas to the zinc acetate trap where it 
forms the white precipitate, zinc sulfide (ZnS).  The radioactivity of this solution is 
measured on a liquid scintillation counter. 
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FIGURE 3.8:  Standard curve for the abundance of the dsr gene determined by 
quantitative PCR.  Average values and error bars are based on standard deviation of 
triplicates for dsr.  The efficiency was above 83%.  Error bars are hidden behind data 
points. 
 
 
 
 
FIGURE 3.9A:  SRB abundance based on the abundance of the dsr gene extracted from 
the Unamended vs Glycerol+N+P-amended microcosms in triplicate at the end of 
incubation period.  Error bars indicate standard deviations of the mean. 
The percentage of SRB within the community is based on DAPI counts of the total cell 
number.  The percentage of SRB in the unamended microcosms increased from 0.17% to 
14.55%, compared to the Glycerol+N+P-amended microcosms, which increased from 
0.12% to 23.20% at the end of the incubation. 
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FIGURE 3.9B:  SRB abundance based on the abundance of the dsr gene extracted from 
the Glycerol+N+P-amended microcosms in triplicate from day 0 and day 24 of 
incubation.  Error bars indicate standard deviations of the mean.   
 
 
 
FIGURE 3.10:  Sulfate reduction rate of unamended and Glycerol+N+P-amended 
microcosms and their respective killed controls.  Error bars represent standard deviation 
of the mean. 
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FIGURE 3.11:  Phylogenetic tree indicating the relationship of representatives of each 
OTU based on the dsrAB sequences. Unamended (dsrN, blue squares) and GNP-amended 
(dsrG, purple circles) microcosms of Davis mine.  The tree was constructed using 
neighbor-joining analysis with 1,000 bootstrap replicates. 
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FIGURE 3.12:  16S rRNA gene phylogenetic trees showing unamended (n, blue squares) 
and GNP-amended (g, purple circles) for four main subgroups of SRB: (a) DBB, (b) 
DFM, (c) DSB, and (d) DSV.  The tree was constructed using neighbor-joinig method of 
Jukes and Cantor with 1,000 bootstrap replicates. 
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CHAPTER IV 
ATTENUATION OF ACID MINE DRAINAGE BY SULFIDE-MEDIATED  
IRON REDUCTION 
 
 
Abstract 
In acidic environments such as acid mine drainage, iron reduction through 
reaction with sulfide occurs.  Our results indicate that sulfate-reducing bacteria are 
responsible for the iron reduction.  When the sulfate-reducing bacteria are inhibited, iron 
reduction does not occur.  When the sulfate-reducing bacteria are stimulated with 
addition of low glycerol, nitrate, and phosphate, iron reduction increases.  The production 
of reduced iron coincides with an increase in pH, which is relevant to attenuating or 
remediating acid mine drainage.  The formation of black iron-sulfide precipitates 
indicates that sulfate-reducing bacteria are active in unamended and glycerol, ammonium, 
and phosphate-amended microcosms.  The community composition of the microcosms 
correlates with the treatment of the microcosms.  Microcosms amended with glycerol, 
ammonium, and phosphate have a greater number of delta-proteobacterial sequences; 
whereas, the microcosms amended with molybdate to inhibit sulfate-reducing bacteria 
have none.  Instead, there is an increase in the number of Nitrospira-related sequences 
which are iron-oxidizers that are commonly implicated in the generation of acid mine 
drainage.  To our knowledge, there has been no study establishing that the sulfide 
produced by acidotolerant sulfate-reducing bacteria promotes iron reduction, and 
therefore contributes to the attenuation of acid mine drainage. 
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Introduction 
Acid mine drainage is a form of environmental contamination that is detrimental 
to aquatic life and water quality.  It is produced from mining activities that expose sulfide 
rich minerals such as pyrite to chemical and biological oxidation.   The result of pyrite 
oxidation is sulfuric acid leading to the dissolution of metals such as iron (Gray, 1997; 
Johnson & Hallberg, 2003).  At our study site, Davis Mine in Rowe, Massachusetts, the 
acidic mine drainage is attenuated within 200 meters downstream of the mineshaft where 
it originates. For two years, surface and groundwater samples throughout the site were 
collected to characterize the magnitude of the contamination.  The contamination seems 
to be contained within a low drainage area in contact with waste rock piles and 
groundwater making Davis Mine a model study site (Bloom et al., 2007).  
At this abandoned mining site, biological sulfate and iron reduction are thought to 
be the processes responsible for the attenuation and containment of the acid mine 
drainage.  Both sulfate reduction and iron reduction are pH-elevating biological processes 
(Benner et al., 2000; Gould & Kapoor, 2003). Sampled groundwater from certain wells 
smelled of hydrogen sulfide.  Black precipitates, thought to be iron sulfide, were also 
found at the subsurface.  Low oxidation-reduction potential, near-neutral pH, and 
decreasing sulfate concentrations in the groundwater indicate that sulfate reduction is 
actively occurring (Ergas et al., 2005).   These field observations together with 
microcosms of the site indicate that the acid mine drainage is attenuated in specific areas 
of this site through sulfate and iron reduction.  The results from the microcosm study 
indicated that microorganisms were able to attenuate acid mine drainage as evidenced by 
the increasing pH value and decreasing oxidation-reduction potential.  These trends were 
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further enhanced when the microorganisms were stimulated with the addition of organic 
carbon or increased incubation temperatures (Becerra et al., 2009).    
Sulfate-reducing bacteria are microorganisms thought to attenuate acid mine 
drainage through sulfate-reduction.  The reduction of sulfate to sulfide leads to the 
attenuation of acid mine drainage by several mechanisms.  For example, a permanent 
decrease of total sulfate would occur through the formation of the gaseous form of 
sulfide, H2S.  In addition, the concentration of dissolved metals decreases when sulfide 
binds with the dissolved metals forming a precipitate that could be removed by transport 
or settled out of the water column (Pyzik & Sommer, 1996; Neal et al., 2001; Neculita et 
al., 2007; Church et al., 2007).  Both mechanisms contribute to the attenuation of acid 
mine drainage by consuming protons and decreasing the dissolved metal contamination.  
Another and unexplored mechanism by which acid mine drainage can be 
attenuated by sulfate-reducing bacteria is through the production of ferrous ions under 
acidic conditions.  Although iron can be reduced enzymatically by sulfate-reducing 
bacteria (Lovley et al., 1993; Coleman et al., 1993), iron can also be reduced through 
chemical reaction with sulfide produced by sulfate-reducing bacteria (dos Santos Afonso 
& Stumm, 1992; Canfield et al., 1992; Li et al., 2006).    
In this study, we sought to test the following hypotheses. If sulfate-reducing 
bacteria affect iron reduction under acidic conditions, then: (i)  ferrous ions would 
increase when sulfate-reducing bacteria are stimulated; (ii)  little to no production of 
ferrous ions would occur when sulfate-reducing bacteria are inhibited; (iii)  the formation 
of iron sulfide would occur; and (iv) the stimulation or inhibition of iron reduction would 
be correlated to the abundance of sulfate-reducing bacteria.  
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To our knowledge, no study on the biological enhancement of iron reduction by 
acidotolerant sulfate-reducing bacteria has been reported.  In this study, we describe an 
additional mechanism by which sulfate-reducing bacteria promote attenuation of acid 
mine drainage by reducing iron, and provide additional information on the 
biogeochemical cycling of iron and sulfur. 
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Results 
 
Iron reduction and increase in pH 
The production of ferrous ions corresponded to the amount of sulfide present. The 
concentration of ferrous ions was significantly greater with the addition of 1.0 mM 
sodium sulfide than with the addition of 0.1 mM sodium sulfide (Figure 4.1a).  The 
average concentration of ferrous ions generated in the presence of 1.0 mM and 0.1 mM 
sodium sulfide was 0.98 mM ± 0.4 and 0.14 mM ± 0.2, respectively.  Likewise, the 
change in pH value also corresponded to the amount of sulfide present (Figure 4.1b).  
During the course of the incubation, the pH of the 1.0 mM and 0.1 mM sodium sulfide 
amended microcosms was approximately 3.4 and 2.8, respectively.  Black iron sulfide 
precipitates formed immediately upon addition of sodium sulfide to this set of 
microcosms.  
In a parallel set of microcosms, the sulfate-reducing bacteria population was 
either stimulated with GNP or inhibited with a specific inhibitor, molybdate or with a 
competitive electron acceptor, nitrate (Figure 4.2).  Compared to the unamended 
microcosms, no production of ferrous ions occurred in the molybdate or nitrate-amended 
microcosms. The ferrous ion concentration increased approximately 4 mM in the 
unamended microcosms.   However, there was no increase of ferrous ions in the nitrate-
amended microcosms and less than 1 mM increase of ferrous ions in the molybdate-
amended microcosms.  The abiotic control exhibited an increase of approximately 1 mM 
ferrous ions throughout the course of the incubation.  In contrast, the ferrous ion 
production in the GNP-amended microcosms were double that of the unamended 
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microcosms with an increase of more than 8 mM over the incubation period of 42 days 
(Figure 4.2a).  The change in pH was related to the change in ferrous ion production 
(Figure 4.2b).  The pH of those microcosms amended with an inhibitor for sulfate-
reducing bacteria  (molybdate or nitrate-amended) microcosms was approximately 3.5 
throughout the course of the incubation and was lower than the pH of unamended 
microcosms at 4.5.  The pH of the abiotic control was approximately comparable to the 
molybdate-amended microcosms with a pH average of 3.5 throughout the incubation.  In 
contrast, the pH of the GNP-amended microcosms increased by approximately one pH 
unit, from a pH below 3.4 to approximately 4.5.  Black precipitates developed over the 
course of the incubation within the unamended and GNP-amended microcosms, which 
produced ferrous ions and an increase of pH.  The black precipitates covered the sides of 
the serum bottle and were suspended throughout the microcosms.  However, the 
microcosms inhibited with either nitrate or molybdate-amendments did not develop black 
precipitates.   
 
Characterization of Precipitate Electron Microprobe Analyses  
 The black precipitates that developed in the microcosms were analyzed using an 
electron microprobe to determine the elemental composition as well as x-ray diffraction 
to determine the structure and identity of the precipitates.  Electron microprobe images of 
representative grains of a microcosm and both abiotic controls were taken (Figure 4.4).  
The black precipitates from a microcosm, which was constructed from sediment and 
groundwater from the study site, were porous and not homogenous as a few grains 
contained copper or consisted of over 90% of iron.  All samples with the exception of the 
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environmental control, Davis Mine precipitate, contained very similar Fe:S ratios with 
over 82% consisting of iron and sulfur (Table 4.1).  The Davis Mine precipitate had a 
higher percent Fe.  In addition to the similar Fe:S ratio of the microcosms, abiotic and 
environmental controls, the precipitates had an amorphous structure based on x-ray 
diffraction.   Only substances with an ordered crystal lattice will produce diffractograms 
(Guinier, 1994). 
 
Community composition of microcosms  
Clone libraries were prepared based on 16S rRNA to represent the community of 
each microcosm towards the end of the incubation as well as a clone library of the 
original sediment inoculum used to construct each library (Table 4.2).  Comparing 
community compositions revealed differences correlated with the specific amendments to 
the microcosms.  Notably, members of the acidobacteria and beta-proteobacteria are 
present in all libraries.  Delta-proteobacteria are present in the original inoculum from 
Davis Mine, in GNP-amended, and in nitrate-amended microcosms.  However, only 
GNP-amended microcosms contained sequences related to known sulfate-reducing 
bacteria.  Also, there is a substantial increase in the number of delta-proteobacterial 
sequences in the GNP-amended microcosms parallel to a substantial increase in ferrous 
ion production (Figure 4.3).  In addition, no delta-proteobacterial sequences were 
detected in the molybdate-amended microcosms, which had also shown no increase in 
ferrous ion production.  Although spore-forming, sulfate-reducing bacteria such as 
Desulfotomaculum have been found in Clostridia and a high abundance of Clostridia-
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related sequences were detected in the libraries, no sequences related to sulfate-reducing 
bacteria were detected.   
According to richness estimators SChao and SACE, richness is greater in the stimulated, 
GNP-amended microcosms than in the molybdate-amended microcosms where sulfate-
reducing bacteria are inhibited (Table 4.3).  Based on HShannon and HSimpson, there is no 
significant difference in OTU diversity between the unamended microcosm community 
or the inoculum.  However, there is a difference between the GNP-amended and 
molybdate-amended microcosms. 
  98 
Discussion 
 
Iron reduction mediated by sulfate-reducing bacteria: 
Ferrous ions may be generated through enzymatic or abiotic reactions.  Iron-
reducers and some sulfate-reducing bacteria can enzymatically reduce iron (Johnson & 
McGinness, 1991; Lovley et al., 1991; Lovley et al., 1993; Coleman et al., 1993; Lovley, 
1997; Tebo & Obraztsova, 1998; Weber et al., 2006; Senko et al., 2009).  However, 
sulfide is the only environmentally relevant substance that can reduce iron abiotically 
(dos Santos Afonso & Stumm, 1992; Poulton et al., 2004; Canfield et al., 1992).  
Previous studies have shown that sulfide reduces iron oxy(hydr)oxide minerals such as 
lepidocrocite, goethite, magnetite, and hematite (Poulton et al., 2004).  In a study by Li et 
al, the reductive dissolution of iron oxide minerals, goethite, hematite, and magnetite was 
enhanced biotically by the presence of a sulfate-reducing bacterium or abiotically by the 
addition of sulfide (Li et al., 2006).  At our study site, iron minerals such as goethite, 
pyrrhotite, chalcopyrite, pyrite, and magnetite were detected (Bloom et al., 2007).  
According to 16S rRNA gene-based phylogenetic analyses, sequences of community 
members related to the sulfate-reducing bacteria were both at the site and in our 
microcosms (Becerra et al., 2009; this study).  In our microcosms, we observed that 
ferrous ions generation was directly correlated with increasing sulfide concentration, 
which is in agreement with other related studies (Küsel et al., 2001; Neal et al., 2001; 
Van der Maas et al., 2005; Li et al., 2006).  
In this study, molybdate and nitrate were used as inhibitors for sulfate-reducing 
bacteria and iron-reducers.  Sulfate-reducing bacteria are metabolically inhibited by the 
  99 
sulfate analog molybdate, while iron-reducers are not affected (Lovley et al., 1993; 
Stögbauer et al., 2004).  Therefore, we were able to selectively determine the production 
of ferrous ions by iron-reducing bacteria.  Nitrate is a more energetically favorable 
terminal electron acceptor and therefore was used to competitively inhibit the reduction 
of both iron and sulfate (DiChristina, 1992; Finneran et al., 2002; Akob et al., 2008).  
Although some sulfate-reducing bacteria are able to reduce nitrate to nitrite, no increase 
of ferrous ion concentrations was detected (Moura et al., 2007). In addition, nitrite may 
also inhibit sulfate-reducing bacteria (Greene et al., 2006; Mangalo et al., 2008).  The 
ferrous ion concentration in the molybdate-amended microcosms was similar to the 
concentration detected in the nitrate-amended microcosms, which had both sulfate- and 
iron reducers inhibited.  Therefore, acidotolerant sulfate-reducing bacteria are involved in 
the production of ferrous ions.   
Previous studies related to acid mine drainage remediation have shown that the 
use of certain organic carbon stimulated microbial activity (Vile & Wieder, 1993; Küsel 
& Dorsch, 2000; Gibert et al., 2004; Karnachuk et al., 2005; Coetser et al., 2006; Bilgin 
& Harrington, 2007).  In earlier investigations and this study, the addition of GNP as an 
organic carbon and micronutrient source increased the rate of iron reduction (Becerra et 
al., 2009).  An increase in the generation of ferrous ions indicates that iron reduction is 
biologically mediated under acidic conditions.  We had chosen to amend the microcosms 
with a low concentration of glycerol because acidophilic microbes do not tolerate high 
concentrations of organic carbon (Gyure et al., 1990; Fortin et al., 1996; Johnson, 1998). 
The results of the inhibition and stimulation studies strongly indicate that sulfate-
reducing bacteria mediate iron reduction. 
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 Sulfate-reducing bacteria were thought to be inactive in acidic environments, only 
surviving in microniches of anoxic and less acidic conditions (Jorgensen, 1977; Widdel, 
1988).  However, recent research has shown that sulfate-reducing bacteria are present in 
greater abundance and activity than previously thought (Brune et al., 2000; Koschorreck, 
2008). Sequences related to sulfate-reducing bacteria have been found in many different 
acid mine drainage sites as well as other natural acidic environments such as volcanism-
impacted water bodies and hydrothermal springs (Koschorreck et al., 2003; Praharaj & 
Fortin, 2004; Roychoudhury, 2004; Karnachuk et al., 2005; Rowe et al., 2007). Sulfate-
reducing bacteria have been detected with numbers as high as 107 most probable number 
per gram of tailings material, and in mineral leaching environments at pH values as low 
as 2.9 (Johnson et al., 1993; Benner et al., 2000).  In a comparable AMD site with mildly 
acidic conditions, the dominant clone sequence, representing 65% of the community was 
related to a sulfate-reducing bacterium, Desulfosarcina variabilis (Bruneel et al., 2005).  
Fortin et al. recovered sulfate-reducing bacteria in acidic and oxidizing conditions, while 
Senko et al. isolated an acidotolerant sulfate-reducing bacterium able to reduce 
Fe(III)(hydr)oxide under acidic conditions of pH 4.4 better than at neutral pH 7.1 (Fortin 
et al., 1996; Senko et al., 2009).  Sulfate reduction under acidic conditions occurs even 
when there is still a supply of the more energetically favorable electron acceptor, ferric 
ions (Küsel & Dorsch, 2000). 
 Our community analysis revealed a community composition indicative of the type 
of microcosm.  Sulfate-reducing bacteria-related genes were more abundant in GNP-
amended microcosms whereas none were detected in microcosms with molybdate, 
showing successful inhibition of sulfate-reducing bacteria.  In this case the 
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biogeochemical process of ferrous ion production is related to the presence of sulfate-
reducing bacteria.  Our results show that the geochemical changes of a system can be 
related to the structure of the microbial community. 
  
Implications to AMD remediation   
 Enhancing the activity of sulfate-reducing bacteria would have implications to the 
remediation of acid mine drainage and other acidic, metal contaminated systems 
(Kaksonen et al., 2004).  Sulfide reacting with iron oxides is a proton-consuming process 
(dos Santos Afonso & Stumm, 1992).  Therefore, remediation strategies for acid mine 
drainage-impacted sites and other acidic, metal-contaminated systems can include the 
stimulation of sulfate-reducing bacteria to promote iron reduction via chemical reaction 
of sulfide with iron oxides.   Another implication of this study is the sequestration of iron 
and other dissolved metals.  Dissolved metals may precipitate as metal sulfides such as in 
the case of lead forming galena through sulfide production of sulfate reducing bacteria 
(Karnachuk et al., 2002).  Iron can precipitate as a ferrous sulfide (Fortin et al., 1996; 
Küsel & Dorsch, 2000; Neal et al., 2001).  In addition, the formation of iron sulfide can 
also sequester other metals (Cooper et al., 2006).  This would have implications to 
removing dissolved metals if the formation of iron sulfide can be enhanced; thereby 
affecting the mobilization of other dissolved metal contaminants such copper, zinc, and 
iron (Marchand & Dinkelman, 2006; Gadd, 2010). 
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Sulfide precipitate formation 
 Despite the acidic nature of acid-mine drainage sites, the formation of black FeS 
precipitate has previously been observed where sulfate-reduction or sulfate-reducing 
bacteria were detected (Tuttle et al., 1969; Fortin et al., 1996).  An amorphous, black 
precipitate of similar Fe:S ratio developed in the microcosms and abiotic media based on 
electron micoprobe elemental analysis and XRD.  Whether the medium contained ferric 
or ferrous ions, the same mineral was formed because the sulfide had reduced the iron 
and formed FeS precipitates.  Similarly, black FeS precipitates have also been detected 
when Na2S was added to liquid medium or to sulfate-reducing bacterial cultures (Li et al., 
2006; Gramp et al., 2010).  For example, Gramp et al. detected iron sulfide minerals, 
greigite, mackinawite, and pyrite forming in media containing sulfate-reducing bacteria 
(Gramp et al., 2010).  
 
Coupling Sulfur and Iron Cycles 
 Iron and sulfur are abundant elements on earth and are particularly plentiful in 
acid mine drainage sites.  Sulfate reduction was thought to occur after the pool of iron or 
organic substrate was depleted because oxidized iron is more energetically favorable as 
the terminal electron acceptor at neutral pH (Lovley & Phillips 1986; Finneran et al., 
2002; Akob et al., 2008).  However, high concentrations of both iron and sulfur occur 
dissolved in acid mine drainage sites; therefore, there may not be a significant preference 
or progression of terminal electron acceptors utilized.   
 In addition to acid mine drainage sites, this study is significant to anaerobic iron 
corrosion by the sulfide produced from sulfate-reducing bacteria (Dinh et al., 2004).  
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Conversely, it has been previously shown that the ferrous ions produced could protect the 
metal iron surfaces from further oxidation by oxygen (Dubiel et al., 2002).  The coupling 
of iron and sulfur is not fully understood.  Further research is needed as it can have 
economic significance.   
 Not as much research exists on iron reduction under acidic conditions as there has 
been on iron reduction in neutral pH environments (Johnson et al., 1993; Fortin et al., 
1996; Straub et al., 2001; Blöthe et al., 2008).  Even fewer studies on iron reduction by 
sulfide under acidic conditions exist.  This may be because studies on subsurface 
sediments did not find reduction by sulfide or elemental sulfur to be significant (Van der 
Maas et al., 2005).  However, the cycling of iron affected by sulfide could be much 
greater than was previously thought in acidic systems, which characteristically have a 
greater concentration of dissolved ferric ions than typical marine or subsurface 
environments.  The reactivity of dissolved ferric ions with sulfide could be more 
substantial.  In addition, the regeneration of sulfate or elemental sulfur would occur as 
sulfide reacts with ferric ions or is respired by sulfur oxidizers and iron oxidizers (dos 
Santos Afonso & Stumm, 1992; Benner et al., 2000; Blodau, 2006).  Multiple lines of 
evidence in this study support the conclusion that iron reduction by reaction with 
biogenic sulfide is an important mechanism in the attenuation of acid mine drainage.  
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Experimental procedure 
 
Study site description 
Since its establishment in 1882, Davis Mine in Rowe, Massachusetts was once the largest 
working pyrite mine in the state. After its collapse in 1909 the mine filled with 
groundwater which exited continuously at the old mine shafts, and has been generating 
acid mine drainage until today.  This groundwater stream is amended by acidic run off 
from roughly 3 hectares of waste rock tailings piles.  One AMD effluent stream runs 
through Davis Mine and joins Davis Mine brook (Brown et al., 2006).   In general, the 
mine area exhibits a patchiness of regions that display higher acidity and concentrations 
of sulfate and dissolved metals (Ergas et al., 2006) intermixed with regions of reduced 
acidity and lower concentrations of sulfate and dissolved metals.  The latter demonstrate 
clear indications of active sulfate and iron reduction with increasing ferrous ion 
concentration and pH, formation of black precipitates, and odor of H2S, as well as a 
decrease in the oxidation-reduction potential towards reducing conditions (Becerra et al., 
2009).  
 
Sample collection 
Sediment samples were collected within an area where the AMD is attenuated from a 
depth of 40 cm below the surface using a sediment corer with 5.5 cm diameter and a slide 
hammer attachment.  At this depth, indications of sulfate reduction such as black 
precipitates with an accompanying smell of hydrogen sulfide were observed.  
Groundwater was also collected from an adjacent well (at 0.5 m distance) from the 
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extracted sediment core.  The samples were kept in N2(g)-filled jars and on ice during 
transport to the laboratory. 
 
Microcosms Preparation 
A slurry consisting of a 1:1 ratio of sediment to autoclaved groundwater was prepared in 
a Ar(g)-filled anoxic chamber.  Each microcosm was filled with 10 mL of sediment 
slurry and 90 mL of autoclaved groundwater, with the headspace filled with Ar(g). Crimp 
sealed microcosms were incubated in the dark without agitation at a constant temperature 
of 20°C. Three types of amended microcosms were constructed.  A carbon and nutrient 
amended microcosm, termed GNP, contained 84 mg/L of glycerol, 30 mg/L of 
(NH4)2SO4, and 31 mg/L KH2PO4 to stimulate sulfate and iron reduction as previously 
described (Becerra et al., 2009).  The second type of microcosm (Mo) contained 5 mM 
molybdate, a specific inhibitor of sulfate-reducing bacteria that does not affect iron-
reducing bacteria (Kleikemper et al., 2002; Lovley et al., 1993).  The third type of 
microcosm (Nit) contained 20 mM nitrate, which is a competitive, non-enzymatic 
inhibitor of sulfate and iron reduction (Finneran et al., 2002; Akob et al., 2008). The 
controls were unamended microcosms (UnAm) and abiotic controls (AC).  The AC were 
autoclaved 3 times on consecutive days to inactivate any biological agents including 
spore-formers in order to observe any changes due to geochemical (abiotic) processes.  
Additional abiotic control microcosms with 0.1 mM or 1.0 mM sodium sulfide were 
constructed to test the effect of sulfide on ferrous ion production in an AMD system.  
Each type of microcosm and all controls were prepared in triplicate. 
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Chemical Analysis 
Homogenous microcosm samples were extracted aseptically using sterile syringes on the 
day of inoculation and periodically during the course of the incubation period.  The pH 
value and the oxidation-reduction potential (ORP) were measured using a pH/ORP meter 
equipped with a pH combination electrode and a platinum reduction/oxidation electrode 
(Thermo Orion, Waltham, MA).  Ferrous ion concentration was measured 
spectrophotometrically (Thermo Spectronic Genesys 5, Pittsburg, PA) following the 
ferrozine assay (Stookey, 1970; Lovley & Phillips, 1987).   
 
Characterization of precipitate  
Black iron-sulfide precipitates were collected from the microcosms and abiotic 
and environmental controls.  The environmental control is a black precipitate that formed 
when Na2S to a final concentration of 5 g/L was added to groundwater from the site. The 
abiotic controls were precipitates prepared by adding Na2S to a final concentration of 5 
g/L to two separate solutions of 5 g/L ferrous chloride and 5 g/L ferric chloride.  All 
precipitates were concentrated by centrifugation at 50,000 xg for 30 min, then collected 
by filtration onto nitrate cellulose membrane filters with 0.8 µm pore size (Millipore, 
Billerica, MA) in an anoxic chamber, where the filter was left to dry overnight at room 
temperature.  Samples were stored under N2(g) until analysis by x-ray diffraction (XRD) 
and electron microprobe analyses. 
Powder XRD was performed on mortar-and-pestle fine-powdered samples using a 
PANalytical X’Pert Pro diffractometer using the X’Celerator Module (PANalytical, 
Westborough, MA) and copper tube (PW3373/10 Cu LFF DK184016) with theta-theta 
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goniometer (240 mm radius) generating a Cu Kα radiation (λ = 0.154nm).  The samples 
were mounted on a zero background silicon sample holder at room temperature and step-
scanned using 45 kV and 40 mA at a 2θ range of 5° to 75° with 0.017° 2θ/s steps.  Scans 
were made using a divergence slit size of 0.0290°, specimen length of 10.00 mm, and a 
receiving slit size of 0.100 mm. Diffraction patterns of all samples were processed and 
overlaid using X’Pert HighScore and X’Pert Data View (PANalytical, Westborough, 
MA). 
 Eight to ten grains of precipitate samples were randomly selected for elemental 
composition analysis using a CAMECA Ultrachron SX50 electron microprobe with 
SXRayN50 software and PAP matrix correction (Cameca, Mahwah, NJ). This instrument 
has four wavelength-dispersive spectrometers with P10 ß ow-proportional counters: two 
counters at approximately 1 bar of pressure and two counters at 3 bars of pressure.  For 
the analysis of YLγ, ThMα, PbMα, and UMβ, we used TAP (low P), PET (low P), PET 
(high P), and PET (high P), respectively.  Samples were mounted on a glass slide as 
standard petrographic thin section embedded in epoxy resin. To prevent absorption of 
current fluctuation and beam damage, a carbon coat (250 Å thickness) was applied to the 
outside of each mount (Jercinovic & Williams, 2005). 
 
 
DNA extraction, amplification, sequencing and phylogenetic analysis 
DNA was extracted from microcosm samples in triplicate using the PowerSoilTM 
DNA isolation kit (Mo Bio Laboratories, Inc., Carlsbad, CA).  PCR amplification of the 
16S rRNA gene was conducted with 30 µL total reaction mixtures of 1X buffer, 0.25 mM 
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each dNTP, 1 U/10 µL Taq polymerase (Promega, Madison, WI), 2.0 mM MgCl2 
(Sigma, St. Louis, MO), 0.5 µM each of broad specificity 16S rRNA gene primers 8F and 
1492R (Weisburg et al., 1991; Integrated DNA Technologies, Coralville, IA).  PCR 
amplification was achieved with 30 cycles of 94°C for 30 seconds, 56°C for 30 seconds, 
and 72°C for 30 seconds with an initial denaturation step at 95°C for 3 minutes and a 
final extension at 72°C for 5 minutes using a PTC-200 Peltier thermal cycler (MJ 
Research, Waltham, MA).  The amplicons from three pooled reactions were purified 
using QIAquick PCR purification kit (Qiagen, Valencia, CA) and quantified using a 
nanodrop spectrophotometer (ND1000, Wilmington, DE).   
The purified amplicons were cloned with the pGEM T-Easy vector system and 
transformed into E. coli JM109 (Promega, Madison, WI).  Clones were amplified using 
the vector specific primers and protocol supplied by the manufacturer.  Sequences of the 
16S rRNA genes were amplified using the dideoxy nucleotide chain termination method 
and a BigDye Terminator v3.1 cycle sequencing kit and sequenced with a model 
3730xl DNA analyzer (Applied Biosystems, Inc., Foster City, CA).  The sequences were 
proofread using the software 4Peaks (www.mekentosj.com/4peaks).  Three possible 
chimeric sequences were eliminated from further analysis based on identification with the 
program Bellerophon v.3 (Huber et al., 2004). The sequences were aligned using the 
software package BioEdit v5.0.9 and assigned phylogenetic membership using the RDP 
(Hall, 1999; Wang et al., 2007; Cole et al., 2009).  Rarefaction curves, richness 
estimations using SCHAO1 and SACE, and diversity indexes HSHANNON and HSIMPSON were 
produced using DOTUR (Schloss et al. 2005). 
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TABLE 4.1: Elemental composition of black precipitates from microcosms, and iron 
chloride and Davis Mine precipitate controls as determined by electron microprobe 
analysis by percent weight of Fe and S. 
 
  Fe S 
Microcosms 55.19 ± 18.02 37.99 ± 11.77 
FeCl2 + Na2S (control) 47.51 ±1.89 37.11 ± 1.36 
FeCl3 + Na2S (control) 45.53 ± 0.66 37.42 ± 1.02 
Davis Mine prcpt (control) 64.86 ± 4.80 35.08 ± 4.84 
 
 
TABLE 4.2. Relative distribution of environmental sequences from unamended, GNP-
amended, and molybdate-amended microcosms on day 39 of incubation, and for nitrate-
amended on day 42.  The community structure of the original inoculum on day 0 of 
incubation is also shown.   
  Unamended GNP Molybdate Nitrate Inoculum 
Acidobacteria 29 49 51 1 17 
Actinobacteria 2 0 1 0 2 
Alphaproteobacteria 8 5 9 0 24 
Bacilli 0 0 0 0 1 
Bacteroidia 1 5 0 0 2 
Betaproteobacteria 14 5 1 7 26 
Clostridia 3 3 0 26 1 
Deltaproteobacteria 0 9 0 1 2 
Gammaproteobacteria 4 0 2 50 10 
Holophagae 0 0 0 1 0 
Ktedonobacteria 1 0 0 0 0 
Nitrospira 0 0 6 0 1 
Opitutae 1 0 0 0 0 
Planctomycetacia 3 0 3 0 1 
Verrucomicrobia subdivision3 2 0 0 0 0 
Unclassified 32 24 27 14 12 
Total Clones in Library 108 98 98 113 117   
TABLE 4.3. Diversity indexes and diversity estimators for unamended, GNP-amended, 
and molybdate-amended microcosms on day 39 of incubation, and for nitrate-amended 
microcosms on day 42.  Data for the original inoculum refer to day 0.  
 
  Unamended GNP Molybdate Nitrate Inoculum 
SChao 293 1440 264 678 166 
SACE 379 425 350 681 150 
HShannon 4.15 3.76 3.11 3.60 4.01 
HSimpson 0.011 0.030 0.097 0.061 0.014 
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(a)  
  (b)  
   
FIGURE 4.1:  (a) Ferrous ion development and (b) progression of pH in killed 
microcosms with 0.1 mM Na2S (solid circle), 1.0 mM Na2S (square), or without Na2S 
(empty circle, dashed line) added. Microcosms were incubated for 22 days at a constant 
temperature of 20°C.  Error bars indicate standard deviation of the mean of triplicate 
samples. 
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(a) 
 
  (b) 
 
 
 
 
FIGURE 4.2:  (a) Ferrous ion development and (b) pH development of unamended 
(triangle), GNP-amended (square), nitrate-amended (diamond), and molybdate-amended 
(upside-down triangle) microcosms and the abiotic control (open circle) during 42 days 
of incubation.  Error bars indicate standard deviation of the mean of triplicate samples. 
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FIGURE 4.3: Percent distribution of clones within libraries of unamended, GNP-
amended, molybdate-amended, and nitrate-amended microcosms (left to right columns, 
darkest to lightest gray) by classes.  
 
 
 
 
 
 
 
 
 
 
 
 
  
0 
10 
20 
30 
40 
50 
60 
Acidobacteria Deltaproteobacteria Nitrospira Unclassified 
Unamended 
GNP 
Molybdate 
Nitrate 
Inoculum 
Pe
rc
en
to
f C
lo
ne
s 
in
 C
om
m
un
ity
 
  113 
(a) 
  (b) 
  (c) 
  
FIGURE 4.4: Electron microprobe imaging of black precipitates from  (a) microcosms, 
(b) FeCl2 + Na2S control, and (c) FeCl3 + Na2S control.  
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CHAPTER V 
CONCLUSION 
 
 
 Acid mine drainage (AMD), a detrimental byproduct of mining, is an acidic iron-rich 
leachate that tampers with water quality and destroys aquatic life. Davis Mine in Rowe, 
MA, is an AMD site where AMD is both generated and attenuated.  A few hundred 
meters from the generation site, the AMD is attenuated with a substantial increase in pH 
and decrease of dissolved metals in the water. Low oxidation-reduction potential with 
near-neutral pH and decreasing sulfate concentrations suggest that SRB may be active in 
the vicinity of the bedrock tailings along the bottom of the acidic drainage plume (Ergas 
et al., 2005).  In addition, the sulfate concentration decreases by over two orders of 
magnitude within less than 200 m downstream of the monitoring well that displays the 
highest concentrations of sulfate and dissolved metals (Bloom et al., 2007; Gál, 2000). 
While several non-biological processes such as neutralization by mineral dissolution and 
dilution by groundwater flow can attenuate AMD, these processes do not completely 
account for the attenuation of AMD observed at Davis Mine (communication with A. 
Sengupta, Civil & Env. Eng. UMass-Amherst). 
 Several studies demonstrate the importance of microorganisms to AMD genesis 
(Gould & Kapoor, 2003; Johnson & Hallberg, 2003; Southam & Saunders, 2005).  In the 
presence of acidophilic chemolithotrophs such as Acidithiobacillus ferrooxidans, the 
generation of acid mine drainage is accelerated by six orders of magnitude (Benner et al., 
2000).  However, evidence exists for the potential role of microorganisms in AMD 
attenuation as well.  The goal of my research project was to determine the significance of 
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sulfate-reducing bacteria to the reversal of the oxidative processes that produce AMD at 
Davis Mine in Rowe, Massachusetts.   
 
 I hypothesized that acidotolerant sulfate-reducing bacteria are responsible for the 
attenuation of AMD through sulfate and iron reduction.  In support of this hypothesis, 
three research projects were conducted.  The major findings and conclusions are outlined 
below. 
 
Summary of Major Findings 
 The first research project (Chapter 2) was conducted to establish that AMD 
attenuation is indeed biologically influenced and that physical characteristics of 
attenuation increase by stimulating the microbial community.  Specifically, stimulating 
microbial activity should increase pH and decrease the oxidation-reduction potential, thus 
attenuating the effects of AMD. I subjected microcosms, containing sediment and 
groundwater from Davis Mine, to carbon amendments and increased temperatures to 
examine the microbial community and geochemical responses.  The abundance of 
sulfate-reducing bacteria responded positively to the amendment treatments and 
correlated with geochemical conditions favoring AMD attenuation (Becerra et al., 2009). 
 After establishing that AMD attenuation is indeed biologically influenced, the second 
research project (Chapter 3) was to determine the organisms and their respective 
metabolic activity, i.e. bacterial sulfate reduction rate (SRR) and the diversity of SRB. 
The membership of sulfate-reducing bacteria was further described using the functional 
gene for sulfate reduction, dsrAB.  The increased sulfate reduction rate as determined by 
 119 
distilling radiolabeled sulfide was weakly correlated with the abundance of sulfate-
reducing bacteria as determined by quantitative-PCR.  The increase in the abundance of 
sulfate-reducing bacteria with carbon amendment did not correspond with a greater 
increase in SRR, indicating that a portion of the sulfate-reducing bacterial population was 
utilizing an electron acceptor other than sulfate.   
 The third research project (Chapter 4) further explored the unexpected results of the 
second research project.  This project was conducted to investigate how sulfate-reducing 
bacteria serve to further attenuate AMD by reducing iron.  When sulfate-reducing 
bacteria are inhibited by the presence of molybdate or nitrate, iron reduction does not 
occur.  Iron reduction likely occurs through reaction with sulfide produced by sulfate-
reducing bacteria.  Community composition analysis shows that in developed 
microcosms, sulfate-reducing bacteria are present in unamended and organic carbon-
amended microcosms, but not in microcosms amended with nitrate or molybdate.  The 
presence of the black precipitate, iron sulfide correlated with the presence of sulfate-
reducing bacteria and active iron reduction.  It has been previously found that sulfide 
reduces iron, but this is the first known study to show biogenic sulfide-mediated iron 
reduction under acidic conditions by acidotolerant sulfate-reducing bacteria.  By 
establishing that sulfide produced by sulfate-reducing bacteria promotes AMD 
attenuation via iron reduction, we describe an additional process by which sulfate-
reducing bacteria contribute to the attenuation of AMD. 
 In summary, sulfate-reducing bacteria attenuate acid mine drainage through the 
reduction of sulfate and iron.   
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Recommendations for Future Work 
 Future work should investigate the contribution of sulfate-reducing bacteria to 
enzymatically reduce iron in this system.  It was observed that despite sulfate-reducing 
bacteria and iron reducers as competitors for organic substrate, when sulfate-reducing 
bacteria were inhibited, there was no observable iron reduction.  This finding indicates 
that in the acidic environment of Davis Mine, sulfate-reducing bacteria are responsible 
for iron reduction as well.  Acidophilic iron reducers have been isolated from AMD sites 
where iron reduction was detected (Küsel et al., 1999; Bridge & Johnson, 2000; Bilgin et 
al., 2004).  However, Küsel et al. found that sulfate reduction can occur even though the 
supply of the more energetically favorable electron acceptor, iron was not depleted 
(Küsel et al., 2000).  It would be interesting to see if sulfate-reducing bacteria instead of 
iron reducers in acidic environments mostly conducted iron reduction, and to determine 
what conditions trigger a switch in the preferred terminal electron acceptor. 
 Additionally, the isolation of acidotolerant or acidophilic sulfate-reducing bacteria 
would further our understanding of the physiology of sulfate-reducing bacteria.  The 
traditional assumption was that sulfate-reducing bacteria were neutrophilic, only 
surviving in acidic environments within microniches of neutral pH (Jorgensen, 1977; 
Widdel, 1988; Koschorreck, 2008).  More currently, however, sulfate-reducing bacteria 
have been found to be present or active under acidic conditions like AMD sites (Johnson 
et al., 1993; Praharaj and Fortin, 2004; Bruneel et al., 2005; Kimura et al., 2006; Rowe et 
al., 2007; Koschorreck, 2008).  Our own initial results show that agar plates, when 
amended with Postgate B medium with a low concentration of glycerol instead of lactate 
produce more black colonies, which is an indication of sulfate-reducing bacteria colonies; 
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furthermore moderately acidic (pH 5) versus very acidic (pH 3) medium produces more 
colonies.  A screening of the enrichment using fluorescent in situ hybridization revealed 
that potentially acidotolerant sulfate-reducing bacteria are present.  A continuation of 
isolation attempts may yield acidophilic sulfate-reducing bacteria isolates able to reduce 
sulfate and iron.  In addition, their relative abundance in Davis Mine sediments could be 
ascertained using quantitative PCR.  Isolation of sulfate-reducing bacteria that thrive in 
low pH environments is essential to gaining detailed understanding of their physiology 
for potential biotechnological applications. 
 
Broader Impact 
 This interdisciplinary research provides a significant contribution to understanding 
the importance of microbial sulfate reduction in low pH environments, which has 
implications to the fields of bioremediation, geomicrobiology, and microbial ecology. 
 
Bioremediation 
Acid mine drainage (AMD) is one of the largest environmental problems caused 
by the mining industry, and therefore affects every industrial nation (Johnson, 1998).  
Methods to prevent AMD production and remediate AMD are both time consuming and 
expensive (Johnson & Hallberg, 2005). Promoting SRB-mediated attenuation of sites 
affected by AMD offers a more cost-effective strategy for the mining industry (Rabus et 
al., 2006).  The results of my work on determining which stimulants and conditions yield 
greater AMD attenuation may be used to develop strategies for the remediation of AMD 
and other acidic metal-rich waters.   
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Natural attenuation of AMD by sulfate-reducing bacteria holds great potential for 
remediation of AMD sites as well as acidic, metal-contaminated industrial waste streams.  
Promoting the activity of SRB could be a cost effective remediation strategy because 
sulfate reduction leads to a decrease in acidity, which leads to the precipitation of 
dissolved metals.  Sulfate reduction activity in acidic environments as well as the 
isolation of acidotolerant SRB could provide a viable remediation strategy (Koschorerck, 
2008).  Models show that metal sulfide precipitation occurs at pH values as low as 4 
(Church et al., 2007).  Therefore, SRB can also be used in ore processing when metal 
sulfides are precipitated.  Acidotolerant or acidophilic SRB isolated from AMD sites may 
also be a source of novel biomolecules for industrial processes (Baker & Banfield, 2003).   
 
Microbial ecology and evolution 
AMD sites have the potential to be model systems used to study microbial 
ecology and evolution because of the low microbial diversity and well-characterized 
geochemistry.  Most biogeochemical processes are dependent on the accessibility of 
surfaces and availability of substrates to microbes.  This type of environment could be 
used as a model to study microbe-mineral interactions and community function (Baker & 
Banfield, 2003).  In a review by Koschorreck, the author concludes that sulfate reduction 
at low pH seems to be a widespread phenomenon (Koschorreck, 2008).  Therefore, by 
developing detailed kinetic measurements of dissimilatory sulfate reduction at low pH 
and determining the abundance and diversity of SRB in our system, we can provide 
estimates of their likely importance in other natural, acidic environments. 
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Another interesting implication of this work lies within the study of evolution.  It 
is not fully understood why sulfate reduction seems to be found in only certain 
phylogenetic groups when other metabolic functions like nitrate reduction are found in 
many different groups (Castro et al., 2000).  Isolating sulfate-reducing bacteria in an 
acidic environment may yield additional phylogenetic groups.  
 
Geomicrobiology-cycling of elements 
 Sulfate-reducing bacteria are ubiquitous, having been detected in a variety of 
environments of different temperatures, pH, and oxygen level (Muyzer & Stams, 2008).   
Microbial sulfate reduction is an important process in the global cycling of carbon and 
sulfur (Fauville et al., 2004).  Iron is one of the most abundant elements in the 
environment and is commonly found in pyrite, which is also a common source of sulfur 
(Schrenk et al., 1998).  Describing the role of sulfate-reducing bacteria in iron reduction 
is an important step in understanding the coupling of sulfur and iron cycles (Canfield 
&Raiswell, 1999).  To our knowledge, the research project presented in this dissertation 
is the first to investigate biological enhancement of iron reduction by acidotolerant SRB 
from an AMD site and is one of a few to describe acidotolerant SRB involved in elements 
cycling. Finally, the formation and dissolution of iron or sulfur minerals and the 
subsequent release of other potentially toxic metals within the minerals is another area 
towards which this research may be applied.  Overall, the ubiquity and metabolic 
versatility of sulfate-reducing bacteria offers boundless potential and exciting 
opportunities of study in a variety of fields.   
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